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THE GENETICS OF VARIEGATION IN A FERN. 

By IRMA ANDERSSON, 

The John Innes Horticultm^al Institution, 

'* (With Plates I and II.) 

Adiantum cimeatum is a common greenhouse fern belonging to the 
L^tosporangiate family Polypodiaceae. The variegated form here studied 
has been cultivated for many years at the John Innes Horticultural 
Institution, and in many Botanical Gardens. The original plants were 
multiplied by division and new variegated individuals had been also 
raised from spores. In the cultures from spores, a^few white sporophytes 
were observed among the variegated ones. The pis^tbiallia were con- 
sidered to be all green, and w^ere so described by Bateson \^ho alluded 
to them in the Croonian Lecture {Proc. Roy. Soc. B, xcr. 1920, p. 368). 
Since white ferns had been seen to arise from the prothallia as well as 
variegated ferns, and the prothallia had appeared to be^ll green without 
variegation, the inference was drawn that genetic segregation had occurred 
in the haploid tissue of the game^ophytes. It was subsequently dis- 
covered that the prothallia, though on the soil they look all green, 
nevertheless often exhibit pale^stripes when examined as transparencies. 
A correction to this effect was therefore published {Nature, vii. 1921, 
p. 233) by Bateson. This, made a closer examination of the phenomena 
desirable, and the work was kindly handed over to me by Mr Bateson 
in 1921. 

The result of this fuller study has been to show that all the pro- 
thallia which are green and viable sooner or later develop pale stripes, 
and that 4dl the green ferns which arise from them and are viable, 
eventually develop the characteristic variegation. 

As shown in Fig. 1 the^variegation of the sporophyte takes the form 
of patches, which to the naked eye seem white, and are wedge-shaped 
owing to the mode of cell-division at the growing point, or have the 
form of white stripes in the green tissue. Occasionally a whole pinn^^^is 
white and more or less undeveloped. The amount of white patches 
differs slightly among the sporophytes, and there is sometimes also a 
difference in this respect between fronds or pinnae of the same plant, 
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The Genetics of Variegation in 3 Fern 


TABLE I. 

Showing Proportion of Green : Pale Green by Germination of the Spores. 
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Spores giving proth. 


Eatio 

green : pale 
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XT-. XT. 
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a 

83 
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11 
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88 

193 
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17 
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A 
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34 
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Thus it has been found, for instance, that an otherwise green frond of a 
variegated plant (see Expts. 81 - 102 , Table II) had only a single white 
stripe on oiTe pinna. Owing to the fact, however, that fronds of the 
sporophyte are more than one cell-layer thick, observations in this 
respect cannot be so accurate as on prothdlia. Sporangia on white 
patches do not develop properly, and when a sorus stands on the 
border between the white cell-layers of a patch and the gi-een tissue, 
tbe white sector of it contains only pale undeveloped sporangia empty 
of spores, whereas sporangia in the green sector of the same sorus are 
perfectly normal and contain the usual amount of spores. The normal 
^spores have the same size and as good germination as those of the green 
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form of Adiantmi cuneatiim. Of sporophytes from which spores were 
taken for experiments referred to in this paper, Nos. I, IV and X are 
severah years old, and were produced by division from the previous 
stock. Nos. II and III, likewise old plants, were raised from spores, and 
Nos. V and VII had been raised from spores 1-| years before these 
experiments began. 

Fronds or separate pinnae of these sporophytes were gathered when 
the sporangia yvere ripe, thoroughly washed under running water to 
remove foreign spores possibly sticking to them, and put into petri 
dishes t(>' dry and shed the spores. The latter were afterwards gathered 
('v^ith a sterile scalpel) and sown on the culture media. Various soil 
mixtures, as well as various illuminations, were tried to ascertain if 
external conditions have an influence on the variegation. Strong light 
is deleterious, but otherwise no influence was found. Some soil mixtures 
are more suitable for the rapid growth and development of prothallia 
than others. ^ 

To be able to observe the gametophyte generfitiT)n more exactly 
throughout its life-time without disturbing the growth, it w^s necessary 
to make cultures on an artificial and transparent medium on wdiich the 
prothallia could develop normally. Such a medium was found in agar 
with Knop’s solution. After adding the white of an '^gg and carefully 
filtering in the autoclave this ^medium is quite transparent. Spores 
sown under sterile conditions on a film of this medium in petri dishes, 
when kept at the requisite moisture by adding Knop’s solution when 
necessary, germinate within ten days, grow to prothallia, and send up 
sporophytes, which can be kept growing for a considerable time. 

Control cultures of the green form of Adiantum cuneatum were made 
in all experiments. 

On germination of the spores two kinds of prothallia were recognis- 
able, some with normal dark green chloroplasts, and others having small, 
pale green chloroplasts. The difference of the chloroplasts in these two 
kinds of prothallia is apparent from the moment of germination; The 
prothallia containing pale green chloroplasts soon stop growing, and 
were not observed to reach a bigger size than ten cells, usually not 
more than six. Meanwhile the plastids become more and more irregular 
in shape, and the green colour seems to vanish. There is never a doubt 
to which class a prothallium belongs, since no intermediates can he 
found, The numerical records in Table I were taken by the aid of the 
cylinder marker, designed by De la Rue (jBot xx. 1920), and the pro- 
thallia on a space of 2’5 sq. cm. were scored, and this in some instances 
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TABLE II. 


Showing Proportion of Green : Pale Green Prothallia ly Germination of 
Spores from separate Sporangia. 
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9* 
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it 
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35 
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repeated in other places of a culture. The numerical relation of dark 
to pale green gametophytes by germination of the spores is shown in 
Table I, 

The table shows that the ratio of green : pale green ranges from 
1:1’306 (No. 5) to 1 : 2*888 (No. 21). The same table indicates that 
the amount of variegation on different fronds does not at all affect the 
proportion of the two chlorophyll types which arise on germination of 
the spores contained in their sporangia, « 

A certain regularity exists in the fact, as seen in the table, that the 
number of dark green never exceeds the number of pale green. 

That this segregation is a normal phenomenon and that the ratio of ♦ 
green to white cannot be altered by an increase, diminution, or los»of 
any of the constituents of the culture medium, was clearly shown by 
trial on different media. Neither could the pale prothallia or white 
sporophytes be kept growing, nor the plastid colour be altered by the 
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addition of any of the ingredients of Knop’s solution, or by transplanta- 
tion to a medium in which the proportion of these constituents was 
varied, or the strength of the agar increased. The small white prothallia 
are also present in soil cultures kept under the best conditions, and 
they are absent from control cultures of the green form oi Adiantum 
cuneatum. 

The cultures thus far described were grown from spores taken from 
various sporangia collectively. It was nevertheless desirafole to ascertain 
how the various kinds of spores might be distributed in individual 
sporangia. The cultivation of spores from single sporangia offered 
attractive possibilities, inasmuch as in the Leptosporangiate ferns tiie^ 
sporangium is an outgrowth of a single epidermal cell. This protrudes 
and after some divisions fox^ms the sporangium with tapetum and spore 
mother-cells, w^here reduction eventually takes place at spore-formation. 
Every^ sporangium was found to contain the 64^ spores predicated by the 
regular division^ i^ the archesporium, but owing to the technical diffi- 
culties of ^transferring the spores from the glass-cell, in which the 
sporangium was .kept to shed its spores, to the culture medium, some 
of them were lost as indicated in col. 10 of Table II. As shown in this 
table there is no evidence that separate sporangia, arising from sporo- 
phytic cells of different constitution, give^a ratio in any way corresponding 
to what might be expected from the appearance of the sporophytic 
tissue surrounding the original cell. On the contrary every sporophytic 
cell (except the white ones in the patches^ seems able to give both kinds 
of prothallia. 

The variability of the ratio green to the pale green (for convenience 
also called white) as shown in Table II is astonishingly wide and ranges 
from 2 green :62 white as in No. 68, to 25 green : 32 white in No. 45. 
The amount of green never exceeds 32, and when there is an excess it 
is always of the whites. To this point I will return in the discussion. 

The spores are known to occur in two shapes, called tetrahedral and 
bilateral. They may also occasionally vary in size, but on experiment 
(Table III) it appeared that these distinctions were in no way related 
to the characters of their contents : for either of the two classes of pro- 
thallia may come from any class of spore. 

TABLE III. 

Spores Spores Spores 

big, tetrahedral give small, tetrahedral give bilateral give 

No. of; ■■ 

Sporophyte White Green White Green White Green 

HI 27 10 5 4 00 25 

V 45 22 44 28 14 5 
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All the prothallia, recorded and spoken of above as green to indicate 
their appearance immediately after germination of the spores, sooner 
or later acquire one or more pale-green patches, the largest number 
observed being seven. They are thus variegated like the sporophyte. If 
the sporophytic and gametophytic generation is each taken as a whole, 
we have thus white and variegated gametophytes in the proportions of 
about 2:1, and sporophytes of two kinds, namely variegated and white. 
To the probabk explanation of the occurrence of white sporophyte^ I 
will return in the discussion. To ascertain if all growing prothallia are 
variegated and that there are no green ones, a hundred very young pro- 
'thmllia were transplanted, one in each pot, and kept damp by watering 
from below, the pots being covered with glass. In this way they attain 
a considerable size before sending up the sporophyte and reveal their 
nature. Subsequently another hundred were so raised. All these sooner 
or later became variegated. 

As the prothallia for a long time grow with ‘a tvjo-sided apical cell, 
most of the pale patches originate at this growing point. Wedge-shaped 
pale-green patches or stripes result after further cell-divisions. This 
sudden change of the chlorophyll happens, however, also at divisions 
elsewhere in the prothallium, either along the margin (especially in older 
prothallia), in which case the stripes will continue in colitinuity with the 
edge, or in a cell at any point inside the margin in which case a patch, 
surrounded on all sides by green cells, is formed. Occasionally the whole 
growing point is occupied by a patch, after which no more green cells 
are formed at this growing point. 

The patches, like those of the sporophyte, look white to the naked 
eye and can, when they have attained a bigger size, easily be found. 
When viewed, however, under the microscope it is found that the pig- 
ment of the chloroplasts in cells of the patch is only a dull grey-green, 
or a shade paler than that of the chloroplasts of the surrounding cells, 
which can be described as vivid dark-green. Under higher magnification 
it would perhaps sometimes be difficult to tell where the border between 
dark and pale cells comes, if one had not at the same time the size of the 
plastids to go by. This is specially the case in the initial cells of a patch. 
Chloroplasts in the prothallia of the green A, cuneatum as well as in the 
normal green cells of these variegated prothallia are dark-green, of 
regular form, and mostly cover the surface of the turgescent cell. Di vicSng 
stages are easily recognizable, and throughout these investigations when 
measurements of choroplasts were made, cells and choroplasts in a state 
of division were avoided. This is, however, difficult in the growing-point* 
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When the patches consist of many cells, for instance about 300, and there 
are thus several cells between the dark-green celled borders, it is found 
that the pale cells of the patch along the border immediately adjoining 
the dark-green border-cells contain plastids, the colour of which is more 
intense than that of the plastids in the middle of the stripe. This clearly 
indicates that plastids in cells bordering the green normal ones are to a 
certain degree fed or influenced by the latter. When th^, stripes or 
patches are narrow the difference in colour between th^ middle and the 
edge is either imperceptible or at least not so pronounced. The hesitation 
as to which is the original cell of a patch (as mentioned above) is due 
to the same cause. Moreover the plastids of the cells of the patch\re 
smaller than those of the normally green tissue. Though well-formed 
and apparently healthy, their size is reduced probably in correlation* 
with the difference in colour. This distinction in size also is greatest in 
the cjentral cells of a patch, which, are like those of the prothallia which 
germinate whiij^.; 

Both i^ormal dark-green and pale-green chloroplasts contain starch, 
but in the latter the amount is very small. 

Measurements of plastids were undertaken to make out how much 
the sudden change in the original cell of a patch did affect the size of 
plastids; whether this change or the effect of it in the original cells in 
different cases or different prothailia was the same; and whether the"^ 
change was big enough in the supposed original cell to leave no doubt 
about where the change had taken place. It was a ^non possible that 
plastids of various sizes (and colour) might be present within the same 
cell anywhere in a pro thallium, and especially in the cells originating a 
patch. Moreover there might be indications of a gradual decrease in size 
of plastids in cells leading up to that one in which the actual change 
took place. 

It was also of interest to see if the plastids, once they had been 
affected by Jihe change in the initial cell, would diminish at subsequent 
divisions according to any measurable rate. The measurements were 
undertaken on perfectly intact prothallia i^ water, and were only con- 
tinued so long as the cells were normally turgescent, and the plastids 
retained their normal shape. The more rounded shape of a plastid not 
in full vigour is easily recognizable. In each cell as many plastids as 
possible were measured. Each chloroplast was measured twice, the 
longest and shortest diameters at right angles to each other. (Leitz 
objective No. 6 and micrometer ocular No. 12.) These two numbers 
were multiplied together and averaged. In Table IV the average sizes 
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are shown (1) of the dark-green plastids in cells lying next to the basal 
end of the stripe; (2) the pale-green plastids in the initial cell of the 
patch; (3) the second size expressed as a percentage of the first. In pro- 
thallium VII, gi ven in the Table, the patch No. 2 was entirely surrounded 
by green tissue. In prothallium III, patch No. 2, and in prothallium V, 
patch No. 1 were still in connexion with the growing-point when 
measured^ 

TABLE lY. 


• 

No, of 

No. of 

Average size of 
plastids in green 

Average size of 
plastids in pale 
initial cells ex- 

Size of pale 
plastids as per- 
centage of that 

prothallium 

patch 

collocated cells’^' 

pressed in sq. 

of the green 

III 

1 

38-18 

21-50 

56-5 

III 

2 

35-82 

11-68 

32-6 

IV 

1 

32-0 

21-09 

65-9 

V 

1 

28-82 ■ 

16-60 

54-8 

VI 

1 

36-56 

20-18 

55-2 

VI 

2 

38-16 

20-40 

53-4 

VI 

a 

39-05 

25-86 

66-0 

VII 

1 

37-70 

18-93- 

52*1 

VII 

2 

44-14 

27-20 .* 

•• 61-5 


As shown in Table IV the difference is considerable. The plastids 
are suddenly reduced to about half their size. The condition in this re- 
spect is similar for different patches and prothallia. Through very exten- 
sive measuring it was proved that the average size of tlie plastids in the 
• green cells lying next to the basal cells of the patch did not vary more 
than the size of plastids elsewhere in the prothallium. Never has a cell 
containing plastids of the two or more categories been found, whether 
among those adjacent to the stripe or elsewhere. Neither could there 
be found a decrease in size of plastids on passing up or down the chains 
of green cells. In the patches when the reduction in size has been once 
brought about, no perceptible further change appears to take place. The 
size of plastids in cells from the initial cell upwards (along the border in 
older and anywhere in younger patches) to the edge of the prothallium 
does not diminish more than do the green normal plastids in control- 
rows, that is they are kept the same. The chloroplasts along the middle 
of big patches I have previously described, and it is clear that neither 
of these phenomena can be attributed to a sorting out of different kinds 
of plastids, or of their prim ordia, by cell-divisions. The change affecting 
the chloroplasts is sudden and definite* Probably the change affecting* 
the colour is primary and that of the size secondary, because thougS in 
the green normal parts of prothallia young chloroplasts as small as the 

* The green cells chosen for these measurements were those lying in close proximity 
with the basal end of the pale stripes. • 
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pale green can. be found, the colour is nevertheless the dark green and 
the pale plastids never attain the full size. 

The patches may appear at any time in the life of the prothallia, and 
do not arise in any period with special frequency. 

The nature of the segregation visible in the tissues of the gameto- 
phyte constitutes a special problem. The green and the white areas in 
the prothallia presumably differ in their genetic capacities, and inasmuch 
as the pro thallium is a haploid structure a genetic ^segregation has 
almost certainly here occurred after the reduction division, in which the 
characters of the spores were determined. Unfortunately direct proof of 
the genetic properties of the white areas cannot be obtained. Archegoaia'* . 
are rarely borne on the white stripes when, of course, their wall is white. 
Antheridia are scarce. When present they stand at the base of the 
prothallium and have never been seen to be included in a white stripe. 
When albino ferns have been seen to arise they have always been on 
green areas. 

Mention should also be made of the observation several times re- 
peated that in spite of the fact that the cotyledon was white, fronds 
containing green chlorophyll have been produced fi'om the growing-point 
of the young sporophyte ; and conversely, in association with a varie- 
gated cotyledon, a white, non-viable^ sporophyte has arisen. This 
suggests that the white sporophytes result from a segregation at an " 
early division of the embryo, though they might also be the product of 
the union of two gametes factorially without green. 

Investigation is not so far advanced as to justify definite conclusions 
concerning the cause or nature of the process resulting in this defect of 
the chlorophyll. 

Since all the prothallia which survive eventually become striped, and 
all the ferns which live sooner or later become variegated, there are 
therefore in this respect only two classes of both gainetophytes and 
sporophytes,^ viz. (1) the variegated, and (2) those which are^white. So 
far as the variegated ferns are concerned, they might be supposed to be 
heterozygotes between a green-bearing and a white-bearing gamete, but 
this account is not applicable to the prothallia since they are haploid. 
The defect in the plastids may safely be assumed to be of the same 
nature, both in the ferns and in the prothallia, and all that can be declared 
is that this defect occurs sporadically, and is sooner or later inevitable in 
both. Once it has happened, the tissue affected is incapable of producing 
normal green plastids again. I have calculated that an original white cell 
^arises during the life of the prothallia once in about 10,000 cell-divisions. 
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With this the frequency of the occurrence of white cells in the sporangia 
should be contrasted. 

On spore-formation spores with defective plastids are produced very 
numerously, and at most only 32, viz. 50 can carry the power to form 
normal plastids, a total rarely attained. This scarcely looks like any 
familiar type of segregation. Another indication of some unusual , process 
is to be found in the four (out of nine) examples in which the outcome 
of all 64) spores was recorded, with the result that odd numbers of the 
two types were produced, viz. 


No. 

Green 

Pale 

70 

21 

43 

89 

21 

43 

98 

23 

41 

113 

23 

41 


According to the received account from the originally single central cell 
of the sporangium 16 cells are formed by 4 successive divisions; and 
on the 5th division (into 32 cells) reduction occurs^ the last division into 
64 cells being an equation-division. Without non-disjujfction ” or some 
other error of cell-division, 2 classes containing odd numbers cannot 
ensue from such a process. 

Up to the present time only a preliminary investigation of the 
cytology has been made and upon this I hope to report 4ater. 

Further, the distinction bet'^een the green and the white may be 
rather a matter of plastid-inheritance than of nuclear or cytoplasmic 
constitution, and in that respect we are probably right in regarding the 
distinction between diploid and* haploid as out of account. 

I am much obliged to Mr Bateson for assistance with this work, and 
to Miss D. M. Cayley for many suggestions. 

DESCRIPTION OF PLATES. 

PLATE I. 

Fig. 1. Adianitum ouneatum var, variegata* Upper surface of frond. 

Fig. 2. Pinnae with sori ; natural size. 

Fig. 3. Prothallium with one pale stripe. ( x l2.) 

Fig. 4. Prothallium on germinatioti with pale oEloroplasts. ( x about 200.) 

Fig. 5. Prothallium on germination with normal green chloroplasts. (x about 200.) 

Fig. 6. Drawing of part of prothallium showing pale cells and green cells in collocation 
with them. ( X 330-350. ) 

The pale cells numbered 1 — 8 are presumably the initial cells of the stripe. 

PLATE If. 

Fig. 7. Microphotograph of part of a prothallium showing a white stripe and the adjacent 
cells in detail. 
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A PECULIAR TYPE OF VARIABILITY ’ IN PLANTS. 

By Prof. R. RUGGLES GATES, 

University of London (King's College), 

(With 24 Text-figures.) 

The study of size inheritance, with the exception of nanism and 
gigantism, which will not be considered here, has never been in the 
same satisfactory condition as many other phases of genetics. This 
applies particularly to such characters as flower-size or length of petals, 
where there is repetition of parts in the same individual, but it^ also 
applies to studies of size, weight and stature in ahiiAals and man. 
Johannsen (1903), in his studies of size in pure lines of bean^, demon- 
strated the necessity for recognizing a sharp line of distinction between 
inherited and non-inherited quantitative variations, i.e,, between muta- 
tions and fluctuations, in experimental practice ; and it^ is now almost 
^universally agreed that such a *sharp distinction must be drawn in 
experimental work on heredity and^ variation. Geneticists have not, 
however, generally recognized that partial inheritance may constitute a 
third category of phenomena (see Gates, 1914, p. 560) bridging to some 
extent the gap between the other two. It is at any rate becoming 
evident that the conception of fluctuations as environmentally or nutri- 
tionally produced modifications falling into a symmetrical Galtonian 
curve or half curve of variability and devoid of any element of inheritance 
will no longer serve to characterize all variations which are not muta- 
tional in character. 

East (1913, 1916a, 1916c) and Emerson and Hayes in particular, in 
a number of joint papers (see literature list) have been active in showing 
that size inheritance can at any rate be stated in terms of the Mendelian 
notation. This view has been based on the fiict that the is relatively 
uniform and intermediate in size (though it may be nearer the larger 
parent owing to heterosis) while the shows a more extended range ^f 
variability. In some cases the original parental size may be recovered 
or even exceeded in the jFg or later generations; in other crosses this 
does not happen. When the parental sizes are not recovered it is usually 
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assumed that this is because insufficient numbers have been grown. It 
is agreed on all hands that there is an absence of dominance in connec- 
tion with ordinary size factors, although dominance is well known to 
occur in crossing many types of dwarfs. All factors controlling size are 
therefore not alike In their hereditary behaviour. 

But the single fact of increased variability in is not in itself a 
proof of the presence of several Mendelian size-factors, however reason- 
able this interpretation may appear. The absence of dominance and the 
continual presence of fluctuations obscure the results and hence no 
instance of the inheritance of multiple Mendelian size-factors can as 
yet be regarded as proven, in the sense in which ordinary behaviour of 
multiple Mendelian factors, with either complete dominance or separate 
recognition of the heterpzygote, and clear segregation, is proven. The 
studies of size inheritance in plants have dealt particularly with such 
characters as length of cob in maize, and length of corolla and size of 
leaf -in tobacco. The relative uniformity and intermediacy of the Fi 
generation in 'cresses between parent stocks which differ in any of these 
size characters is generally indicated ; also the greatly increased range 
of variability in F^, And without further analysis of the results it is 
reasonable to interpret them as has been done, and to conclude (East 
1916a) that the “ evidence tends to justify the use of plural segregating 
factors in interpreting size inheritance.'’ But a further difficulty, which, 
has not been appreciated by genetlicists, has arisen in connection with 
the- study of the size inheritance of repeated parts in the same individual. 
In the investigation of such subjects as length of cob in maize or size 
of flower in tobacco, it has frequently been assumed that one specimen 
from a plant would be representative of the whole plant. No attempt 
has been made to test the range of variation on the individual, and 
where visible variations in size have occurred on a plant it has usually 
been tacitly put down to fluctuation.” The remarkable range of petal- 
size found on some of the hybrid Oenothera plants, shows that such an 
assumption cannot safely be made. 

It can, then, be shown that, a type of segregation is occurring in 
some crosses involving size differences, which is not in conformity with 
the Mendelian scheme.. There are facts in relation to the inheritance of 
* flower-size which do not fall in with this conception. The present writer 
(plates, 1917) has described in certain crosses between large- and small- 
flowered Oenotheras a uniform F^ followed by an F^ and F^ in which a 
great variety of petal-lengths may occur on the same plant, and even 
different lengths of petal in the same flower. Obviously this cannot be 


explained in terms of Mendelian segregation, although in the same 
hybrids such segregation is actually taking place as regards the red 
pigment character of the buds. This fact serves to contrast vividly these 
two types of hereditary behaviour. At the same time it serves to set 
before us a type of variability which does not fall within the definition 
of fluctuation, and in which there is an element of inheritance. This 
type of variability is obviously entitled to recognition as a distinct 
category of •variation, for it differs in fundamental respects from both 
fluctuations and mutations ; from the latter in that the inheritance (or 
at any rate its expression) is strikingly variable on the same individual y 
fron^ the former in that (1) the variability in petal-length in the flowers 
of an individual seldom if ever conforms to the Galtonian curve, and (2) 
because this condition of variability has arisen as the result of crossing 
and the peculiar manner of inheritance or expression of the differences 
which entered into the cross. It is probable that various cases which* 
have passed as instances of Galtonian fluctuation* curves are really of 
this nature. • 0 

The present paper is in part a continuation of my former paper 
(Gates, 1917) in which were presented the results in Fi, F 2 , and F^ of 
reciprocal crosses between Oenothera biennis and Oe. ruhricalyoo. In the 
present account I wish to deal with the F 4 generation firom this cross, 
^nd also to analyze more fully the data already published for the F^ and 
Fs generations. It is first necessary t^ recapitulate briefly some of the 
main results contained in my former contribution on this subject, and 
as that paper was written during the war when my earlier records were 
unavailable, it will be possible now to add certain data regarding the 
Fi generation. 

The original reciprocal crosses were -made in 1912 at the John Innes 
Horticultural Institution, Merton, and the Fi generations grown in 
1913 at the Agricultural Experiment Station, Rothamsted, not at Merton 
as stated in the above paper. Only three plants matured in the Ft of 
Oe, biennis % and two plants in the reciprocaL- Their general 

characters were as before described, showing the red pigmentation of 
rubricalyWj but otherwise a general intermediate condition as regards 
foliage, although nearer the rubricalyo} The flower-size was 

intermediate and appears to have been quite uniform. Measurements 
from one plant (Sept. 5) showed length of petals 30 mm., length of 
hypanthium 33 mm., length of ovary 16 mm., length of bud cone 
25 mm., length of sepal tips 6 mm.> diameter of hypanthium 3 mm., 
diameter of bud cone at base 8*6 mm. No other measurements were 
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made, but for reasons to be given later, it is probable that the Fi was 
uniform in flower-size. 

In 1915 one family was grown at the Missouri Botanical Gardens, 
St Louis, from each of the Fi families. No certain differences could be 
determined between the reciprocal crosses. Both jPq families resembled 
the ruhi'icalyo} parent except in having smaller flowers which were self- 
pollinated in the bud. Striking variations in size of flower were soon 
observed, and the measurements made are recorded (Gat^s, 1917) in 
Table II, p. 241. The first ten lines of that table refef to Oe. rubricalyx 
X biennis and the remainder to the reciprocal cross. It was also recorded 
that the petals of the same flower often varied several mm. in length. 
These results, in which different sizes of flowers were obtained blooming 
simultaneously on the same plant, and even different lengths of petals 
in the same flower, were so striking that the F^ was grown in the 
experimental grounds of the University of California, at Berkeley, 
California, in 1916, on a larger scale. In the F^ there was (1) a range 
of petal-lengtl^ % the whole population from 14-32 mm., (2) a marked 
difference in the average or mean length of petals for each plant, 
(3) sometimes a conspicuous difference in length of petals on the same 
flower. The range of petal-length for an individual plant was never 
great, the greatest recorded in F^ being 16-24 mm. There were thus in 
F^ {a) indications of segregation in flo^R^er-size between different plants, 
(6) irregular segregation between different flowers on an F^ plant in 
certain cases. All these results were accentuated in the F^ records, 
probably owing to the larger numbers grown. 

A single F^ culture (16. 72) was grown from Oe. riibricalyx x biennis. 
In the parent plant of this culture, the four flowers which were measured 
(on Aug. 18, 1915) ranged in size from 18 to 23 mm. in length. If 
measurements had been taken throughout the blooming season this 
range would probably have been increased, but there does not appear 
to have been marked segregation in petal-size on this plant. In the 
culture from this plant, the results of extensive measurements have 
already been recorded (Gates, 1917, Table IV) in such a way that the 
arrangement of the flowers on each plant and the petals in each flower 
can be determined. The extreme range of petal-length was from 
7-39 ram., or from less than half the size of petals in Oe. biennis to 
nearly the full size of petals in Oe. rubriGalyx; and this notwithstanding 
the narrow range of size observed in the parent plant. 

In Table I of this paper these results are grouped so as to show the 
frequency distribution of length of petal for each .Fg plant. It will be 


TABLE I. 

Frequency distribution of Fetal Length in F^ Plants {Oe, rubricalyx x biennis). 
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observed from this table that while there are marked differences in 
range of flower-size between different plants, the range seldom groups 
itself about a single mode as in fluctuating variability, but there are 
often two or more modes with a haphazard distribution of intermediate 
lengths. Plants No. II 6 and 11.36, however, show narrow ranges of 
variation, with modes on 32 and 34-35 respectively, and an approxima- 
tion to a very steep Galtonian curve. The range of variation in other 
plants may be great or small. It may form a continuous sefies or there 
may be more or less marked gaps in the series of flower sizes. Clearly 
we are not dealing with fluctuating variations, nor yet with Mendelian 
segregation. That definite size-units are involved is perhaps posable, 
but the data furnish no clear and unequivocal support for such a con- 
clusion. In plant II. 7 the petal sizes are in two groups, one running 
from 14 to 20 mm., and the other from 24 to 33 mm., with a gap between 
them. Again, in plant II. 1.9 we have one series running from 11 to 
20nlm. with a break, and another series ranging from SO 'to 36 mm., 
with another Brelik. The wide gap from 20 to 30 mm., is very difficult 
to account for on the theory of the presence of several cumulative size- 
factors. Indeed this conception cannot be applied in th# ordinary way 
to a phenomenon which is essentially one of somatic segregation within 
the individual find cannot depend upon segregation in germ cells. 

Let us consider in this connection the remarkable cases of plants II. 2L 
and II. 37. In the former the range of petal-length is from 7 to 31 mm. 
with two conspicuous gaps in the series. The petal-lengths range them- 
selves in three groups respectively 7-11 mm., 15-18 mm. and 22-31 mm. 
There would appear to be a tendency, as in other plants, to ‘‘split off’' 
smaller petals with mean length about 10 and 15 mm. respectively. 
Similarly in II. 37 the range is from 9 to 30 mm., with wide gaps between 
30, 22 and 15 mm., and another clear mode at 11mm. These plants 
then show clear evidence of “segregation." Plant II 47 shows a con- 
siderable range from 7 to 23 mm. but all its flowers were relatively 
small, while plant II. 45 shows modes at 13, 27-28, and 34 nSm. In nine 
of its flowers the petals are grouped around 34 mm. as a mode, in two 
around 27 mm., and in one flower around 13 mm. Is it reasonable to 
assume that in the development of the primordia of the smaller flowers, 
say two and five size-factors respectively were lost ? We doubt very 
much if any analytical advantage can be gained by taking such a view 
of the matter. As will be seen from Table IV of my former paper, plant 
’ II. 19 is chiefly remarkable for the widely different lengths of petal in 
the same flower. In an Oenothera flower the petals are normally of 
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uniform length within two or three millimetres. Here they range in a 
single flower from 19 to 34 mm. or from 13 to 20 mm., and the total 
range is from 11 to 36 mm., which is considerably greater than the 
whole range between the original parents. Between many wild species 
of Oenothera there are characteristic and constant differences of only a 
few mm. in length of petal, while the range of variation within a pure 
species does not normally exceed a few mm. 

i.From ah. exajnination and tabulation of all the modal points in 
Table I, it appears that there is no marked tendency for them to group 
themselves at particular points when the psychological tendency to 
mass the measurements on the round numbers 15, 20, 25, 30 is elimi- 
natedh The totals in Table I are regrouped in Table Ia for this purpose. 

TABLE I A. 

Petal lengths 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 

Totis .7 4 ” 3 13 13 20 16 17 20 38 25 2 ^ 30^ 26 45 32 38 

27 28 28 34 34 . 35 

Petal lengths 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 

Totals 94 68 87 84 60 139 62 84 57 54 38 20 6 1 2 

76 77 77 87 87 87 ’ 

^ No tendency to aggregate on IJ) appears, probably because the 
measurements in this part of the table were nearly all intercalated 
singly among longer petal measurements. With the numbers around 
15, 20, 25 and 30 thus redistributed, certain points come out clearly. 
(1) There is practically a steady progression in frequency of petal lengths 
from the minimum size recorded up to 32 mm., which is approximately 
the size of the Fi hybrid flowers. Between 32 and 40 mm. (the size of 
the large parent) there is a steep and steady fall in the curve of frequency. 
This is shown in Fig., 8, which is drawn from the corrected values in 
Table I a. ^(2) It will be seen from the corrected values that there are 
more or less marked gaps in frequency at several points, namely between 
13 and 14 mm., also 22-23mm., 23-24 mm., and 32-33 mm. While 
various possible explanations of these gaps might be suggested, it is not 
believed that they furnish any evidence of the segregation of definite 
fixed units. 

^ This tendency no doubt arises from the fact that when the actual reading is, for 
example, intermediate between 30 and 31 mm. it will more often be read 30 than 31. We 
believe, however, that the necessity for making this correction only applies to the 
measurements, as the necessity for greater accuracy was recognized in the measurem^ents. 

2—2 
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Figs. 1-7 are carves showing the character of the variability in. 
certain selected plants from the culture 16.72, and illustrating the 
variety of types of curve met with. They are similar to those obtained 
later in the J4 generation, but they show generally a significantly wider 
variation. Fig, 8 shows the curve of variability for the population treated 
as a whole when the above-mentioned corrections have been made. 

In dealing with these results, the conception of fixed units of aiiy 
kind being segregated or inherited as such, appear^ to l)reak down 
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completely. Essential as this conception is for the study and analysis 
of Mendelian inheritance, it cannot be usefully applied here so far as 
we can see. It will, therefore, make for clarity of thought if we recognize 
that we are dealing here with something which is not only not Mendelian 
in its nature, but something to which different conceptions of an in- 
heritance process will probably have to be applied. That there is an 



element of inheritance in this phenomenon of variability or somatic 
segregation, cannot of course be doubted, because it only occurs in the 
offspring of crosses between large-iBowered and small-flowered forms. 
Nevertheless, such segregation or gaps in the variation series as occur 
may apparently occur equally at any point, if correction is made for the 
source of error in measurement already pointed out. This conclusion is 
reached after a careful analysis of the data in Table I from this poi|it 
of view. Study of all the data leads to the conclusion that while fixed 
units can hardly be present, yet definite units subject to a sliding 
scale of quantitative variations are probably involved. It is very doubtful 
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if definite factors affecting size alone are ever present in these cases 
of cumulative size inheritance. It is far more likely that sizes are 
determined by physiological factors which chiefly determine other 
differences but incidentally control the size-production of various organs. 
The validity of any attempt to analyse the inheritance of flower-size in 
terms merely of fixed size-factors is therefore open to grave doubt. It 
is merely a makeshift method of studying size lintil the real nature of 
the genetic factors involved is better understood. Tfie same applies to 
other studies of size and weight inheritance. 

Turning now to the F 4 generation, measurements were obtained on a 
large scale from four families, numbers 1, 10, 11, and 53, growli in 
1920 at the Royal Botanic Gardens, Regents Park, London. In addition 
several other families were grown. The four families from which 
extensive measurements were made were all derived from the self- 
pollination of different plants in the F^ family No. 16. 72. Culture 20. 1 
camS from plant nufnber II, 14, and 20 . 53 from plant number II. 6 . 
The records of variation in petal-size in these particular plants may be 
seen from*^ Table IV of my former paper, and Table I of the present one. 
Also the range of variation in seven of those plants is plotted in Figs. 1-7. 
It will be observed that while 11.6 showed a narrow range of fluctuations 
almost symmetiically grouped around 32 mm. as a mode but exhibiting 
negative skewness, No. II. 14 exhibited a much wider range, with one^ 
early flower markedly smaller than the others which ranged from 26 to 
33 mm, in length. 

The JP4 cultures 20. 10 and 20. 11 were derived from different flowers 
of a single plant (11. 50) in the culture 16. 74 from the reciprocal 
cross, Oe. biennis x rubricalyw. The behaviour was exactly the same in 
both crosses, and so only a few measurements were made of the latter 
cross in F^. The following records were kepf, however, of the plant II. 50. 
The sixth flower from the base was the first to bloom, on June 27, 1916. 
This flower had petals of maximum size (42 mm.). The five flowers below 
were still in bud. The lowest flower on the stem was the smallest, being 
as small as in Oe. biennis. This single plant then exhibited flowers as 
different in size as the two original parents. The length of bud cone in 
the five unopened flowers was at that time as follows : lowest bud 20 mm., 

< 2 nd, 23 mm., 3rd, 27 mm., 4th, 27 mm., 5th, 30 mm., 6 th, 30 mm. The 
and fifth flowers were enclosed in bags and left to develop their 
seeds, since they were self-pollinated in the bud. From these flowers 
were derived respectively the F, cultures 20. 11 and 20 . 10 . The intention 
^ was to compare their offspring, to determine if this large difference in 
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flower-size would result in any difference in the next generation. The 
only other petal measurements made on this plant were of three flowers 
on J uly 14th, with the following results : 

36 34 36 
35 35 35 
35 35 36 
35 35 36 

In Tal)le Il^the frequency distributions for petal-length of eight 
plants in culture 20. 10 and 33 plants in culture 20. 11 are recorded. 
The total number of plants to bloom was much larger, but lack of time 
pr^ented more measurements being taken. It does not appear that 
further measurements would have significantly altered the results. 
Culture 20. 10 contained 140 plants, of which 134 had the red buds of 
ruhricalyx and six the green buds of ruhrinervis. This character showed 
as heretofore sharp Mendelian segregation, giving a ratio of 22 : 1. This 
probably indicates the presence of two factors for red, as in previous 
generations (see Gates, 1914, 1915). In culture 20.1Pthere were 68 
plants, 64 having red buds, 2 green and 2 doubtful, since %hey were 
mutants and did not come into bloom. One of the latter, a narrow-leaved 
dwarf, resembled the form jacidatrix de Vries, the other remained a 
rosette. The ratio 64E:2r in this family is probably comparable with 
• 134 e : 6r in the other family fro!n this plant. 

From Table II it will be seen tBat in culture 20. 10 the mode for 
different plants ranged from 27-30 inm. (probably non-significant), the 
mode for the whole population falling on 30 mm., with strong negative 
skewness. For culture 20. 11 the mode ranges from 25-30 mm. in 
different plants, with frequently more than one peak to the curve and a 
good deal of scattering. The mode for the whole culture falls on 27 mm., 
with positive skewness as regards frequency and negative as regards 
range. Whether this difference in the mode for petal length from the two 
flowers is significant of a difference in heredity I am not prepared to say 
in the absence of mo!:e extensive data. But it is worth noting that the 
first 8 plants in culture 20. 11 taken together give essentially the same 
curve as the whole culture, with the mode in the same place and a 
similar frequency distribution of the other classes. It is, therefore, quite 
probable that the difference between these two cultures is a significant 
one. This probability is increased by the fact that the means (^e 
Table Y) differ in the same way, being respectively 27*3 for culture 
20, 11 and 29 for culture 20. 10. It is also worth noting that the range 
of variation is essentially the same in both cultures, he. 19-33 mm. 
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TABLE II. 

Frequency distribution of Fetal Length in two Families from Flant II. 50 
m 16. 74 Oe. biennis X rubricalyx. 


Culture 10/20 


Plant 

18 

19 

20 

21 

22 

23 

24 

i 

25 

26 

27 

28 

29 

30 

^1 

32 

33 

I. 1 
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7 

3 

7 

— 

— 

— 

I. 2 
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— 

— 

— 

— 

— 

2 

1 

11 

9 

1 

8 


— 

— 

I. 3 

1 

— 



, — 
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5 

5 

6 

10 

5 

5 

8 

2 
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1. 4 
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— 
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1 

3 

4 

5 

4 

11. 

4 

— 

— 

11. 2 

— 

— 
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— 

— 

— 

1 

11 

23 
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6 

6 
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— 
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8 

6 

4 

1 
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— 

— 

_ 

— 

— 

1 

12 

5 

2 
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Totals ... 

1 

— 

— 

— 

1 

— 

5 

8 

10 

31 

33 

35 

91 

22 

6 

1 =244 
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4 
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— ■ 

— 

— ■ 

— 
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4 

8 

6 
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1 

— 



Totals... 


2 

3 


6 

17 

34 110 110 249 207 125 110 

19 

5 

1 =.1002 


^ In II. 60, the F^ parent plant of these two cultures, as shown above, 
the measurements of the bud cones (which are less than those of the full 
grown petals) ranged from 20-30 mm. in tlie first six flowers, the petals 
of the sixth (largest) flower being 42 mm. in length, and those of the 
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smallest probably 25“27 mm. (in the same ratio of bud-cone length to 
petal length). Later flowers on this plant ranged from 34-36 mm. The 
cultures were grown in the very favourable conditions of California, 
in which the petals reached a maximum size. The way in which the 
difference in environmental conditions of the in California and the 
i^4 in England affected the size of petals generally may be understood 
from a comparison of the maximum size of petals in Oe. riihrioalyx, 
which was 45 mm. in California and 39 mm. in my English cultures of 
1920. It appears that 35 mm. was the modal length of petal for plant 
II. 50 grown in California. If our estimate is correct, that would be 
equivalent to a length of approximately 29 mm. if the plant had been 
grown in the conditions of my cultures in England in 1920. The modes 
actually observed for the two cultures 20. 10 and 20. 11 derived from 
this plant were respectively on 30 mm. and 27 mm. Hence, probably 
both cultures approximated to what the mode of the parent plant would 
have been had it been grown in the same conditions, but the offspring 
from the smaller flower may perhaps have significantly smaller flowers 
than those from the larger flower. 

Figs. 9 and 10 show the curves of variability for petal-length in 
cultures 20.10 and 20.11. Both show negative skewness owing to the 
tendency to produce some small flowers, but the smallest flowers are no 



Fig 9. Culture 10/20. Frequency Distribution of Petal Length of Whole Culture in F 4 . 

smaller than in Oe biennis, unlike the families which showed much 
wider variation in both directions (cf. Fig. 8). In Figs. 11-16 are given 
graphs for six selected individual plants in family 20.11. Comparing 
them with Figs, 1-7 of the Fg generation (recipi'ocal cross), it will 
seen that although there is a distinct tendency to segregation in most 
plants, with negative skewness, yet the range of variation is usually 
decidedly less in F4 than in F®. This is shown still more clearly^ by 


f 


#. 


f' 


26 A Peculiar Type of Variahility in Plants 

comparing Table I with Tables II, III and IV. The range of variation 
is twice as great in the former table, although it only contains 35 plants 
while Table II contains 41. Throughout the cultures it is true that the 
^4 is decidedly less variable than the F^, The same is true of the 
compared with the F^, This result is to be expected if the dilBPerences 
in size are inherited from generation to generation, even in the absence 
of size-units, for each culture is obtained by selfing a plant of the previous 



Fig, 10 . Culture 11/20. Frequency Distribution of Petal Length of Whole Culture in F 4 , 

generation and hence practising the maximum amount of inbreeding. 
This is in accordance with the fact that in the absence of dominance, 
itibreeding may always be expected to lead to increased uniformity, on 
any view of heredity. ^ ^ ^ ^ 

We have hitherto examined chiefly the question of segregation 
within the^individual. Let us now examine that of genetic segregation 
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TABLE III. FrequencAj distribution of Petal Length in Family 20. 1 
from Plant II. 14 in cuUure-,1^. 72 (Oe. rubricalyx x biennis). 


Culture 1/20 


Plant 
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1 

■ ™_' 

IX 

'25, 

40 

59 
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in the ordinary sense between individuals and from generation to 
generation. A better measure of the tendency to genetic segregation 
between generations is obtained by determining the average petal-length 
for each plant and plotting these averages for the whole family. This 
has been done for cultures 20. 10 and 20. 11 in Figs. 17 and 18. Com- 
paring these graphs with Figs. 9 and 10, in which all the petals from a 
family were treated as one population, a tendency to the segregation of 
smaller-flowered plants is demonstrated. An examing^tion of Table II 
of course shows the same thing. Thus there is obviously a genotypic 
difference in flower-size between plant II. 2 of the second part of this 
table, with its mode on 30 mm., and Plant III. 1 with its mode on 25 mm. 

We may now consider the families 20. 1 and 20. 53 derived from 
the reciprocal cross, ruhricalyx x biennis, which can more justly be com- 
pared with the Fs in Table I. The parent plants of these cultures, II. 14 
and IT 6 respectively, have already been discussed. Tables III and IV 
show* the frequen^sy dfstribution of petal-length in the individual plants 
of these two families, while in Figs. 19 and 20 are plotted the curves 
for these families taken as wholes. The mode is at 25 mm. in both and 
there is the usual negative skewness. Twenty-nine plants were measured 

in 20. 1 and 19 in 20.53. The means for these families are shown in 

' ♦ 

TABLE tv. 

Frequency distribution of Fetal Length in Family 20. 53^/rom Plant II. 6 in 

culture 16. 72 (Oe. ruhricalyx x biennis). 
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64 108 202 318 
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4 

2 

— =936 
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Table V. The difference is only 1'4 mm. and is probably not significant, 
especially as the family with the larger mean is derived from the mother 
plant with somewhat smaller mean size of petals. Moreover, the mean 
cannot have much significance in cases where there is a wide range of 
segregation in the plant. Figs. 21 and 22 show the graphs for these two 



-27 - 27-5 -28 - 28-5 -29 - 29-5 -30 - 30*5 
Fig. 17. Culture 10/20. Graphs of Whole Cultures 
from Averages of Whole Plants. 





Fig. 18. Culture 11/20. Graphs of Whole Cultures from Averages of Whole Plants. 
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cultures based on the mean petahlength for individual plants. The 
tendency to segregation between individuals is clear in both curves 
when compared with the corresponding Figs. 19 and 20. Examination 
of Fig. 21 shows a tendency for modes of mean petal-length to fall at 
23, 25 and 26 mm. Plant I. 8 of this culture (see Table III) for example 



Fig. 19. Culture 1/20. Frequency Distribution of Petal Length of Whole Culture, F 4 . 

m" ■ ■ 

TABLE V. 

Means and Modes for and F^ families. 


Culture 

Mean 

Mode 

Parent plant 

Mode of parent plant 

16. 72 

25-607 

30 

15. 28, III. S 

20 

20. 1 

25*364 

25 

16. 72, II. 14 

28—30 

20. 53 

23*935 

25 

16. 72, 11. 6 

32 

20. 10 

28*982 

30 

16. 74, n. 50 

35^ 

20. 11 

27*302 

27 

16. 74. II. 50 

35 


’ Probably equivalent to 29 mm. under the oonditions of culture of the 
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has its mode falling on 23 mm., plants 1. 9 and 1, 10 on 25 mm., plants II. 1, 
II. 5, etc., at 27 mm., II. 15 and 11. 19 at 26 mm. Again in Fig. 22 we 
have modes of mean petal-length at 25 mm., and about 24 mm., none at 
23, but one plant with flowers (four only) on 16 mm. From Table IV we 



Fig. 20. Culture 53/20. Frequency Distribution of Petal DengtFs of Whole Culture. 


see that the mode for every plant in this culture except two falls on 
23-25 mm. The parent (II. 6, Table I) grown in California had its mode 
at 32 mm. This, as we have seen, would be equivalent to about 26 mm. 
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under the conditions of the English cultures. The two exceptional 
plants in culture 20. 53 are 1. 14 with mode at 22 mm. and a peak at 
25 mm., and 1. 18 (only four flowers) with mode at 17 mm. Both these 



Fig. 21. Culture 1/20. Graphs of Whole Cultures from Averages 
of Whole Plants. 


t 



Average Length of petals in mms. 

Fig. 22. Culture 53/20. Graph of Whole Culture F4 from Averages of Whole Plants. 

5^4 families therefore tend to breed true to the conditions of the parent 
plant, except for the occasional segregation of plants or flowers with 
smaller petals. The latter occurrences become progressively less frequent 
in later generations. 
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Examination of Tables III and IV shows that while the mode is 
pretty uniformly on or near 25 mm., yet scarcely one of these plants 
shows a curve of variation corresponding with the curve of fluctuating 
variability. Some of them show two-peaked or even three-peaked curves, 
and many show negative skewness. It is clear that the behaviour is the 
same as in the (see Figs. 1-7) only less extreme, owing apparently to 
the fact that they are inbred for one more generation. 

Summing up fhe results regarding petal-length in the F^ and F^ 
generations, we find segregation in various degrees, continuous and dis- 
continuous, between ( 1 ) different plants of the same family, ( 2 ) different 
flowers of the same individual, and (3) different petals of the same flower. 
This segregation or variability however, both as regards the range of 
variation (''segregation”) in the individual plant and the differences 
between plants as regards length of petals, becomes progressively less 
in later inbred generations, as would be expected if inherited differences 
were involved. This is clearly shown by comparison of the curves for 
Fg and F 4 generations. In the F 4 also the length of petals in^the same 
flower is much more uniform. It seems that a condition of greater 
stability has been reached, both as regards the individual as a whole and 
the separate flowers. That the behaviour is not Mendelian, everyone 
will, I think, agree. Considered as a case of variability resulting from 
crossing, it clearly differs in important respects from fluctuating vari- 
ability. Considered as an instance of inheritance, it differs fiern the 
Mendelian inheritance in several respects: ( 1 ) the “segregation,” 
wherever it occurs, is not confined to the reduction divisions and appears 
to be in part a purely somatic phenomenon; ( 2 ) segregation may take 
place in any degree, continuous or discontinuous, and there is no clear 
evidence of fixed units. To ascribe the different sizes of petals on the 
same plant to" variable dominance” rather than to somatic segregation 
would not be satisfactory. All students of the inheritance of flower-size 
and of sizes in general^ have concluded that there is an absence of 
dominance. ^ 

The differences in the range of variability and in the position of the 
mean and the mode in different plants of the same family (see Tables 
I-IV) clearly show an element of inheritance. From Table V it will be 
seen that while there is probably no significant difference between the 
F 4 Emilies from rubricaly^^^ is a significant difference^ 

between them and ( 1 ^^^ two lines) the #4 families from the reciprocal 
cross This may go back to an initial difference in the generations. 

^ Except in the case of dwarfs. 
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The records show that the flowers were larger Oe. biennis x rnbricalyoo 
than in the reciprocal. A few records of petal measurements show length 
of petals in biennis x rubricalyx Fi about 33 mm. and in the reciprocal 
“ same size as biennis^’ i.e. about 20 rum. In the Fi therefore, in both 
crosses the flower-size was nearer that of the male parent. In the F 2 . 
however, this difference disappears, both crosses showing much the same 
range, the average.of the plants measured being indeed somewhat larger 
for ruhricalyx x biennis than for the reciprocal. 

■ Another feature of much interest in these hybrids is the frequent 
occurrence of petals with slits running diagonally across them. These 
were referred to in my former paper (Gates 1917, p. 247) bat are jipw 
much better understood. At first it seemed tempting to regard these 
slits as a new germinal character resulting from crossing. Van O vereem 
(1920) has fallen into this error, and describes a “forma Glarkiae'^ from 
Oe. biennis semigigas x Lmnarckiana gigas. This he figures (Fig. 2) as 
a case of zygomojph/ with symmetrically placed pairs of slits in three 
of the four petals" Had he looked further he would probably have found 
a variety of arrangements of these slits, which have nothing to do with 
zygomorphy in the ordinary sense and are seldom arranged in the 
symmetrical way he figures, Van Overeem explains their occurrence as 
the appearance of a latent character in connection with the anomalous 
chromosome numbers in his hybrid. That this is not the explanation is^ 
shown by the fact that such slits occur, probably much more fi:’equently, 
in the hybrids described in this paper, where the chromosome numbers 
are 14 in both parent .species and probably also throughout the hybrids, 
except for the very occasional occurrence of mutants with other numbers. 

The significance of these peculiar slits was discovered in 1920, They 
occurred very commonly in all the F 4 , cultures, although they were not 
usually so long as in the F^. They were nearly always mirror images of 
each other In Fig. 23 is given a set of natural-size drawings of the 
petals of four flowers from the F^ populations. Records were kept of 
hundreds of flowers in which not only the length of petMs but also 
the position and length of these slits were recorded. The slits varied 
much in length but the two forming a pair in adjacent petals were 
nearly always of the same length. Sometimes, however, where a slit 
developed in one petal, the mirror-image position at the angle of the 
^ext petal was crumpled by pressure but without a slit. This fact together 
with the interlocking of the slits in adjacent petals in the buds, led to 
the discovery of the real nature of this “ new character.'^ It is not due 
to a germinal change, although the slits have been commonly observed 
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m F^ and #4, nor is it the patency of a latent character in any useM 
sense. The condition apparently arises from the difficulties of adj ustment 
in crosses between forms with large and small petals. As a result the 
young petals are more or less crumpled in the bud^ and owing to mutual 
interference or pressure, these slits develop. They occur in flowers of ail 
sizes, and apparently quite as often when all the petals of a flower are 
the same size as when they -differ in length. The failure of adjustment 
is then a deep-seated one in the hybrid race. Quite frequently two pairs 



Fig. 23. Petals of four flowers (borizontai rows) showing mirror-image slits. 

of slits (parallel) develop in adjacent petals, but oftener only one. In 
length they vary from 1 mm. or less to 18 mm., extending right across 
the petal. For a further understanding of this anomaly an investigation 
of the organogeny of the flower would be necessary. Failure of adjust- 
ment between primordia owing to conflicting inherited tendencies 
appears to be as far as it can be traced now. Like the size- variations, 

^ In how far this may be due to smaller sepals enclosing larger petals is uncertain. 
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these slits were more frequent and of greater length in than in later 
generations, but they still occur as quite small and infrequent slits in 
this season^s Fq cultures. We have recently found that they are not 
entirely absent from some of the larger-flowered pure species, but when 
they occur at all they are small, inconspicuous and infrequent. 

Davis (1913), in his studies of hybrids between Oe, biennis and 
Oe, grmdiflom, noticed that there is a “ decided segregation of flower 
size ’’ in some of the F^ hybrids. He observed tha very common 
cutting of the petals at the edge into narrow segments as in laciniate 
varieties of flowers,” and speaks of a general tendency to progressive 
increase in size, but he apparently made no further attempt to analj^ze 
the inheritance. 

I am indebted to my Research Assistant, Miss E. M. Rees, B.Sc., for 
these drawings of petals and also for preparing all the graphs and several 
of the tables in this paper, as well as making some of the petal measure- 
ments in the F^ generation. 

' Discussion, 

Some of the studies of size inheritance in plants have already been 
referred to. We may now consider an interesting paper of Tine Tammes 
(1911) in which the inheritance of a number of size characters was 
investigated. Here we may refer particularly to her study of petal-size ^ 
in flax varieties. In reciprocal crosses between Egyptian flax (medium 
length of petal 16*2 mm.) and Linum angusfbifoUum (medium length of 
petal 8*08 mm.), the Fi of 9 plants was relatively uniform, while the F 2 
(203 plants) showed the whole range of variation to the parent types, 
but there is no mention of different sizes of flowers on the same plant. 
Similar results are given for breadth of petal. In reciprocal crosses 
between Egyptian and ordinary flax, however, in which the numbered 
33 plants and the F^ families 120, the variation in F^ was practically as 
great as in F^^ Some of the F.^ families from this cross were nearly 
uniform, others showed nearly the whole, range of variation present in 
Jg. In certain other crosses the variation of the Fi was nearly as great 
as in jFg. The writer concludes that very probably the difference between 
the flower size of L. and “ordinary flax ” is represented by 

three or four units. In the light of the present results it seems doubtful 
\?hether definite size-units are involved at all in crosses of this type of 
character. 

East (1913) has made a similar, but more detailed, study of flower- 
size^ inheritance in Nicotiana Forgetiana x N^ alata grandiflora. In the 
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former species the mean length. of corolla was 25*6 mm., and in the 
latter ‘78*8 mm. The Fi showed a mean value of 44*3 mm. with very 
little variability, and the greatly increased variability. The spread 
of the corolla was said to behave in the same way. Fig. 24 shows the 
curve of variability for length of corolla in F^y from East’s data (Table IV), 
for comparison with such curves as Fig. 8 of the present paper. The 



Fig. 24. Frequency Distribution of Corolla Length in Nicotiana Forgetiana x N. alata 
grandiflom, F 2 , After Bast, from Ms Table IV. 

curves appear in some respects comparable, although the skewness is in 
opposite directions. In East’s data, however, the measurements for each 
family are treated as a whole. No records are given of the range of 
variation on individual plants or the differences between sibs of the same 
culture, nor is it stated how many flowers were measured from each 
plant. If such records had been kept they might have shown results 
similar to those described in the present paper, although it is probable 
that the range of variation on the individual was not conspicuous, as in 
Oenothera, or it would certainly have been noticed even by a casual 
inspection. 

In a later study of crosses between Nicotiana Langsdorffii and. 
N, East (1916) finds the Fg generation (corolla length) again 

nearly three times as variable as the with certain m 

a Langsdorfii population in F^* “Individuals from the 
same point on the Fa curve showed different variabilities in Fg.” Yet 
notwithstanding this statement in the conclusions, no separate measure- 
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ments of the flowers of individual plants are given in the paper. Whether 
the results are really the same asin Oenothera, with often a wide range 
of flower-size on the same plant, can only be determined when such 
records for individual plants are kept. East’s conclusion that “ Mendelian 
inheritance seems to be the only (his italics) logical interpretation ” of 
these phenomena, must clearly be held in doubt. Indeed, the most 
reasonable interpretation appears to be that the phenomena of inheritance 
of petal-size in Oenothera are not unique, and that flower-size in other 
plants, and perhaps sizes of repeated parts or organs in general, when 
similarly analysed will be found to show similar hereditary behaviour. 
At any rate, it is clear that while an increased variability of the cfver 
the indicates some form of segregation in F^, it does not necessarily 
show Mendelian segregation of definitely fixed units in the F^ germ 
cells. These studies of petal-length in Oenothera hybrids on the contrary 
prove that somatic segregation on a large scale is occurring in the F^ 
and later genei'ations. The results, however, indicate also a tendency to 
germinal segregation between different plants in F^ and following 
generations. 

Goodspeed (1912, 1913) has made extensive studies of flower-size in 
tobacco. He crossed three varieties of Nicotiana acuminata which differed 
only in flower-size, having mean corolla diameters of 27, 20, and 13 mm. 
respectively, with fluctuations never exceeding 2 mm. greater or smaller 
than the mean diameter in each case. In crosses between these types 
the variation in corolla diameter was greater in F. 2 , than in Fi. But 
certain of the JP 2 plants which bear the largest flowers exhibit as small 
ranges of variation as the original parents. The plants, however, 
showed a range of variation 2 or 3 times as great as that of the parents, 
while the maximum range in jPg was 5 or 6 times that of the parents. 
Goodspeed concludes that the results ''preclude the possibility of a 
simple Mendelian interpretation.” In a later paper, in which more 
extensive data are available, Goodspeed and Clausen (1915) record 
measurements of flower-size in various hybrids, including (if. Tabacum 
Maryland” x Tabacum " Oavala”) x iV. sylvestris. The frequency dis- 
tributions for corolla spread are given for individual plants. They show 
in most plants a long range of variation in corolla spread, but with usually 
a single mode. In a few plants, however, the range is narrow. The authors 
controvert East s statement that flower-size is independent of environ- 
mental conditions, but admit that flower-size is less markedly modified 
by environment than height or leaf-size and other characters. They find 
that length of corolla is more stable than spread, which is rather readily 
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subject to modifications “ under stress of internal and external conditions 
of development.” 

So far as the data are available, they indicate a condition of variation 
in the individual comparable with that described in Oenothera, the only 
apparent differences being that the variation is less conspicuous and it 
begins in the flowers of the hybrids. The in Oenothera hybrids is 
on the contrary relatively uniform in flower-size, and measurements 
made in 1 §20 on the flowers of ten plants from the Fi oi Oe. Nome^ 
Scotiae X Oe, ruhricalyx showed remarkable uniformity not only in flower- 
size but in every other character. The parent species grown under the 
saniie conditions had petal lengths respectively and about 

40 mm. In the Fi hybrids the flowers on the main stem had petals 
nniformly 18-20 or 22 mm. (mean 20) in length, while the flowers on 
the lateral shoots, although blooming at the same time, were uniformly 
smaller, measuring 15-18 mm. (mean 16). This confirms the statement 
for- other Oenothera hybrids that the Fi is uniform as regards size of 
flowers. 

Viewing the whole of the results as regards flower-size in these 
Oenothera hybrids, we find a nearly intermediate condition, with uni- 
formity, in Fi, followed by wide segregation with an even wider range 
of variation in jPq than in the combined parent forms. The remarkable 
variation in diflerent flowers of lihe same plant, and even in different 
petals of the same flower, is the most striking feature of the These 
phenomena cannot be explained on a Mendelian basis, and lead to the 
probability that flower-size in other plants, and perhaps sizes in general, 
where repeated in the same organism, are not Mendelian in their 
inheritance. In any case the numerous instances of size-inheritance 
which have been interpreted in general Mendelian terms cannot be 
accepted as proven to be Mendelian until much more carefully analysed 
data are presented in their support. 

In F>i and F4 and later generations the Oenothera hybrids showed 
progressive diminution in the range of variability, until in some plants 
the curve of variation is scarcely distinguishable from an ordinary curve 
of fluctuation. It is probable that many similar cases in plants, which 
have been interpreted as mere fluctuating variability, are in reality the 
result of earlier crossing between forms which exhibit germinal differ- 
ences as regards flower-size. The phenomena as a whole must be looked 
upon as a distinct type of variability. The occurrence, probably through 
mutation, of varieties differing only in size of flower is known in many 
species of plants. Still more eomtnon is the occurrence of species in 
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the same genus which differ in flower-size yet which are capable of 
intercrossing. It is probable that any population of plants in which 
there appears to be wide fluctuation in flower-size is really the result of 
complex crosses among the descendants of varieties showing originally a 
marked inherited difference in flower-size. 

It has already been shown (Gates 1917, p. 248) that the wild Oeno- 
thera Hookeri (Oe, Franciscana) which occurs at Lake Merced, California, 
contains occasional small-flowered plants in addition to those having 
large flowers, and that some of the latter when observed in cultivation 
show a wide range in length of petals on the same plant, just as in the 
Oe. hiennis-ruhrioalyw hybrids. There is no reason to doubt that <jfche 
explanation is the same, i,e., it is due to an earlier cross in the population 
between large- and small-flowered types. There was this interesting 
difference, however, in the Oe. Hookeri hybrids. The differences in 
flower-size on any plant were almost entirely between different side 
shocks of a plant, and rarely if ever between different flowers of the 
central stem, while in the Oe, hienms-ruhricalyx hybrids the measure- 
ments we*te chiefly confined to the flowers of the central stem where 
these size-differences occurred. 

So far as I am aware, no other case of variability precisely similar to 
this has been investigated in plants or animals. The cruciate type of 
petal in Oenothera appears, howevei^ to be essentially similar in its* 
hereditary behaviour, although tSis may be regarded as a qualitative 
character, but its variability in crosses begins in the F^, There can be 
little doubt that the form which De Vries (1903) described as Oenothera 
ermiata mria from gardens arose from a cross between cruciate and 
broad-petalled forms. He found that in culture some plants produced 
only cruciate, some broad-petalled flowers, while others produced a 
varying array of intermediates. In certain flowers both broad and 
narrow petals occurred in the same flower, or even the two halves of 
the same petal might be respectively broad and narrow, thus paralleling 
in kind the size- variation described in this paper. De Vries Eas referred 
to the same behaviour in crosses of Oe, Lamarchiana and Oe, cmciata 
(1913, p. 156), and in Oe, muricata x cruciata (Ic,, p. 77). In the latter 
case, which is more fully described, fche flowers showed all intergrades 
between broad and narrow petals as well as plants which were pre- 
dominantly broad- or narrow-petalled, thus differing from the Fj between 
large and small petals, which in Oenothera appears always to be uniform. 
In later generations similar conditions of intermediacy were obtained. 

The various cruciate types of Oenothera have no doubt originated 
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as parallel mutations in different species (see Gates 1915, p. 21 and 
1921, p. 48). A cruciate variety of Epilobium hirsutum behaves as a 
simple Mendelian recessive when crossed with the species from which it 
mutated, and it is quite possible that each cruciate variety of Oenothera 
would do the same when crossed with the form from which it arose. In 
species crosses, however, we get irregular behaviour in Fi or Fq with both 
these characters. In the main essentials, length of petals and breadth 
of petals usually then behave in the same manner in crosses. The Epi- 
lobium case indicates that a simple variety arising through a mutation 
will behave as a Mendelian difference, while the specific size-differences 
involved in these crosses behave in the peculiar irregular manner here 
described. In the Oe, Hookeri (Franciscana) hybrid above mentioned, 
however, there was no indication of a species cross in the population. 
In any case this peculiar behaviour is a phenomenon of incompatibility ^ 
and in the majority of cases at least it occurs in species-crosses, ie., 
crosses in which something much more complicated than single muta- 
tional differences^ is involved. ' '' 

This brings us to the question of incompatibility between characters 
in crossing. Davenport (1917) maintains that some of the factors con- 
trolling stature in man are general growth factors affecting the whole 
body, while others are local size- factors determining 4he length of 
particular bones or segments ofr the body. He also believes that in 
racial crosses through recombinations* of such characters, disharmonies 
may arise, such as large teeth in small jaws or a small heart with a large 
blood system. Castle (1922), on the contrary, maintains from his studies 
of size-inheritance in rabbits, that all size-factors in animals are general 
growth factors, though he expressly excludes plants from this conclusion. 
Without entering into criticisms of the relative merits of the data on 
which these two views rest, we may be permitted to make two remarks: 
(1) we see no a priori reason why there should not be factors controlling 
chiefly the size of particular organs, just as there are many qualitative 
factors affecting chiefly the colour or shape of particular organs ; 
giant varieties of many fruits are known, in which only the size of the 
fruit appears to be affected ; (2) there may be an important difference 
as regards inheritance, between the sizes of repeated parts such as the 
flowers of plants, and of single parts such as general bodily size or 
weight or the dimensions of their constituent elements. ^ 

As regards disharmonies, it is certain that they occur in these hybrid 

1 This statement applies of course only to those matations in which no visible change 
in the chromosomes is involved. 
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Oenothera flowers. Most frequently when a conspicuously small flower 
occurs among larger ones on a plant its petals are approximately equal 
in length. The change, wfliatever it is, which gives rise to the smaller 
flower, must then be thought of as occurring in the production of that 
flower primordium. The flower then develops as a unit and there is no 
tipparent disharmony, the sepals being correspondingly smaller so as to 
enwrap the petals properly, and in extreme cases the hypaiithium and 
ovary being reduced in length and thickness as well. Where long and 
short petals occur in the same flower there must have been “segregation'' 
of some sort between the different petal primordia, or at any rate between 
the; four sectors of the flower. Extreme cases of this kind have <ibeen 
few, and further observations are required to determine whether in these 
cases the sepals always correspond in length to the petals opposite them, 
or whether they may independently behave as a unit when the petals 
are of unequal length. 

•Reference must here be made to another paper which bears on the 
general theory df cumulative size factors. Sumner and Huestis ( 1921 ) 
have made measurements of the relative lengths of corresponding right 
and left bones, in connection with their breeding experiments with the 
Californian Deer-mouse, Pei'omyscws maniculatus. For instance, they 
measured the#right and left mandible and humerus, determined the 
sinistro-dextral ratio in each case and showed statistically that there isi 
no tendency to the inheritance *of this ratio ; for example, if a mouse 
has a larger left humerus than right its offspring do not inherit this 
condition. Yet these authors have shown that in crosses between 
different sub-species of this mouse, the Pa shows a significantly greater 
range of variation than the Fi with regard to these sinistro-dextral 
ratios. From this it follows that a mere increase in range of variation 
of the jFs over the Fi cannot be regarded as sufficient evidence of the 
presence of plural size factors. 

Conclusions, • 

In this and a previous paper a study is made of the inheritance of 
size of petal in four generations of reciprocal crosses between Oenothera 
mbricalyx and Oe, biennis. The results as regards petal-size differ in 
several respects from anything previously described. A uniform and 
more or less intermediate F^ is followed by wide segregation in Pg not 
only between different individuals but also as regards the length of 
petals on the same plant, and even in the same flower. The smallest 
flowers obtained had petals less than half as long as the smaller parent 
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mV): the largest flowers equalled, but did not exceed, those of 
ruhricalyoo. This segregation may be continuous or discontinuous, and 
appears to be quite haphazard, often resulting in a two or three peaked 
curve for a single plant, larger and smaller petals occurring intermingled, 
sometimes even in the same flowers. In the F^md similar phenomena 
of segregation or variability occur, but , they are much less marked in 
than in 

The various graphs of variability show that there is segregation, 
both germinal and somatic, but the data are insufficient to determine 
the precise relationship between these two. As regards the segregation 
betwten individuals, the evidence does not justify the assumption* of 
several fixed Mendelian size-factors, and it is evident that the whole 
problem of the inheritance of cumulative size-factors needs re-examina- 
tion. It appears that in later generations the modes of petal-length for 
individual plants may occur at any point, and there is no evidence that 
they tend to occur more frequently at one point in the series thamat 
another, nor is there any evidence that the somatic segregation tends to 
occur at certain points in the series and not at others. 

Viewed as variability, this behaviour differs from fluctuation in two 
respects: (1) a variety of curves are obtained for different individuals, 
which seldom if ever conform to the cu’rve of fluctuating variability, 
(^) the condition has apparently drmea through failure of adjustment 
between different size-tendencies inhierlted from the original cross. The 
disharmony expresses itself in petals of different sizes sometimcjs occurring 
in the same flower or more frequently in flowers' of different size on the 
same plant. The frequent occurrence of slits- in the petals appears to be 
due to mutual pressure in the bud producing these mirror-image 
phenomena. It is not a new germinal character but is rather another 
result of disharmony. 

This type of variability stands between ordinary Mendelian inherit- 
ance on the one hand and fluctuations on the other, having certain 
features of both but differing from dither in its irregularity. 

Large- and small-flowered forms occur in many related species and 
varieties of plants. If crossing and back-crossing occurred between 
them, a population would result in which there was a considerable range 
of variation, which would have the superficial appearance of fluctuation 
but would in reality be this type of inheritanee and variation followings 
crossing. Probably many cases of size Variation in plants took their 
origin in this way. This is illustrated ,by a wild population of Oenothera 
Hookeri 
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Since Mendelian behaviour is now generally admitted to be based 
upon the segregation of chromosome pairs in the reduction divisions, it 
appears probable that the phenomena of variability and segregation 
here described are based partly upon cytoplasmic differences between 
the parental forms. This would account for their irregular character, 
since there is no definite cell mechanism comparable with the mitotic 
figure, for distributing cytoplasmic structures or substances. 

It appears at present inadvisable to consider Mendelian behaviour 
as demonstrated in any case in which the cannot be individually 
classified into distinct categories on the basis of their visible differences, 
unless clear evidence of the segregation of fixed units can be obfeined 
from the or later generations. 

In conclusion I wish to record my thanks to the Royal Society and 
the British Association for Grants in connection with these researches, 
and to the Royal rBotanic Society, Regent’s Park, for the facilities 
provided. « 
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ON THE NATUEE OF THE CENTROSOMAL FOEOE. 

By H. GEAHAM CANNON, B.A., 

Lecturer in Zoology, Imperial College of Science, London, 

(With Four Text-figures.) 

In 1908 A. B. Lanib, in a paper entitled ‘'A New Explanation of 
the Mechanics of Mitosis/' put forward a hypothesis, in which he sug- 
gested that the force, of which the mitotic figure is an expression, might : 
be ‘‘ those mutual repulsions and attractions, exerted by bodies pulsating 
or oscillating in a fluid medium/' / ^ 

It was shown by Bjerknes ('00), father and son, that ia any fluid 
medium, if any two bodies are pulsating synchronously and inapposite 
phase they repel one another, or if they are oscillating synchronously 
ai^d in the same phase they similarly repel one another. In both cases 
there is a field of force set up between the pulsating or oscillating bodies 
which is identical in form with fjiat between unlike magnetic poles 
which, of course, attract one another. Lamb accordingly suggested that 
during mitosis the centrosoines are bodies pulsating synchronously and 
in opposite phase or oscillating synchronously and in the same phase. 
He pointed out that this would result in a field of force which would 
agree with that observed in a mitotic figure, while at the same time it 
would explain the moving apart of the two centrosomes. Cases of multi- 
polar spindles would be impossible if the centrosomes were pulsating 
bodies but could easily be explained if it was assumed that they were 
bodies oscillating synchronously and in the same phase in paths radial 
to a common centre. 

The movements of the chromosomes would also be adequately 
explained on the same hypothesis, for Bjerknes showed, so Lamb ('08) 
states, "‘that bodies suspended within the field of force of oscillating or 
pulsating bodies are attracted or repelled depending upon whether they 
are lighter or heavier than the surrounding medium." Thus the chro- 
mosomes, if heavier than the surrounding medium, would be repelled"^ 
from the centrosomes and so come to occupy a position midway between 
them in the equatorial plate. They would remain here grouped together 
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by mutual attractions resulting from induced oscillations. A change in 
density in the chromosomes after splitting would be sufiScient to cause 
them to diverge back towards the centrosomes. 

Before proceeding further, it must be pointed out that Lamb mis- 
quoted Bjerknes, in his statement of the attraction or repulsion of 
bodies suspended in the fluid medium by the oscillating body, according 
to the density of those suspended bodies. Bjerknes (’00), referring to 
the force causing this attraction or repulsion, states : “ Die Kraft ist 
abstoszend, wenn die neutrale Kugel leichter, dagegen anziehend wenn 
sie schwerer als die Fllissigkeit ist,” which is the opposite of Lamb’s 
statement. This mistake, which has been copied by Prenant (’10)- and 
D’Arcy Thompson (17) does not however materially affect Lamb’s 
hypothesis. The main fact remains, that, whether the chromosomes will 
be repelled or attracted by the centrosomes will depend on the relation 
between their density and that of the ambient fluid. 

-Bjerknes’ calculations were based on the theoretical consideration of 
the oscillations nf perfect spheres in perfect fluids, but in the experi- 
mental volume of his work he showed that actually one can obtain these 
fields of force in fluids by the oscillations of solid spherical bodies. 
Hence Lamb was perfectly justified in assuming that Bjerknes’ theory 
would apply generally to oscillations in the fluid contents of the cell. 
He points out that some of the formulae deduced by Bjerknes cannot be 
strictly applied to oscillations in a"" field which is both viscous and hetero- 
geneous, and no attempt is here made to apply any of these formulae 
strictly. Merely the main results of Bjerknes’ theory, as applied by 
Lamb to the Mechanism of Mitosis will be discussed. 

Lamb’s hypothesis has met with scant criticism, D’Arcy Thompson 
(’17) refers to it as a novel and elegant hypothesis,” Prenant (’10) 
merely states that the assumption of a periodic change in the density of 
the chromosomes is not supported by any fact, Spek (’18) dismisses the 
hypothesis with the statement that an oscillating body can scarcely play 
a rdle in cell division. Hartog (’14) mentions Lamb’s paper In his list of 
references, while Meek (’13) in a review of the theories of mitosis does 
not mention it at all. It is extraordinary that this concise paper has 
received so little attention. The only real objections, those of Prenant 
(’10) and Hartog (’13), it will be more convenient to deal with later. 

^ Lamb puts forward his suggestion as “ an ad hoc constructed hypo- 
thesis and intrinsically therefore only of hypothetical value.” The object 
of the present paper is to show that, assuming this hypothesis to be 
correct, there must follow several consequences which it is maintained 
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possibly explain certain phenomena of cell division and fertilisation 
which otherwise remain obscure. 

The nature of the force which is centred at the centrosome cannot 
be elucidated from the study of any single cell or type of cells. It is 
obvious that in some cells this activity is less obscured than in others. 
The method of this paper is to apply Lambs hypothesis to the case of 
an hypothetical, isolated, ideal cell and then to apply the deductions 
made from this consideration to actual described cases. 

In any emulsion, in the sol state, the particles constituting the 
disperse phase normally remain uniformly distributed throughout the 
contiguous phase of the emulsion. If now there is, in that emulsion, 
an oscillating body, then particles will be attracted to or repelled from 
that centre of oscillation according as their density is greater or less 
than that of the contmuous phase. 

Let us suppose that the density of the disperse particles is smaller 
than that of the continuous phase. They will then be repelled from the 
oscillating body. The force with which any individual partic!h is repelled 
will depend upon its distance from that oscillating body. Bjerknes states 
that the force will vary inversely as the seventh power of the distance. 
Thus a particle situated at a short distance from the oscillating body 
will be repelled with a force much greater than that acting on a particle 
sijiuated a little further off. However, as the particles move outward 
they are moving continually into a greater volume but this volume only 
increases as the second power of the distance from the oscillating centre 
while, as stated above, the repellent force varies inversely as the seventh 
power of this distance. This means that those particles near to the 
oseillating body will acquire comparatively, a much greater acceleration 
than those situated further out, and therefore will catch up to, and crowd 
upon the latter. Hence, as the particles move outwards not only will 
there be formed round the oscillating body a sphere of continuous phase 
from which the disperse particles have been forced outwards, but 
immediatelyrnutside this sphere there will be a zone in which there is 
an accumulation of the disperse phase in a concentration much greater 
than that of the undisturbed emulsion. Outside this zone the concen- 
tration of the disperse phase will diminish with the distance from the 
centre, gradually approaching the normal concentration. 

If that emulsion is in the form of a drop and the oseillating body is^ 
at its centre then there will be another zone of increased concentration 
of the disperse phase at the surface of the drop, for the disperse particles 
on reaching the surface will be retained there by the surface film. In 

Journ. of Gen. xiii^ ^ ^ 
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Fig. 1 the line..4i>’ represents the normal ratio of continuous phase and 
disperse phase in the undisturbed emulsion while the curves rjii, 
and ( “ia represent the same ratio at different distances from the centre 
of oscillation at intervals h, t, and % after the oscillating body has com- 

menced to oscillate. 





The viscosity of ati emulsion depends^ among other things, upon the 
number of disperse particles that exist in a unit volume of the emulsion. 
Hence in the condensed : 2 ones surrounding the oscillating body there 
would be increased viscosity, while in the sphere immediately surroimd- 
ing the centre there would be comparatively very low viscosity, namely 
that of the continuous medium. 

The repulsion outwards of the lighter phase will necessitate a flow 
of the continuous phase towards the centre of oscillation to take the 
place of the outgoing particles. Thus one would expect to fed a stream- 
ing movement towards the centre. Also this flow would suffer the least 
resistance if it were concentrated in distinct radial channels. 

This consideration does not apply solely in the case of a pure emulsion 
but would apply equally well if there were scattered through that emul- 
...sion any other particles of larger size than the disperse particles of the 
emulsion. . 

These theoretical effects that should result from the oscillation of a 
small body in an emulsion agree closely with Chambers’ (17) observa- 
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tions OH the formation of the aster in the egg of Echmarachmus, He 
describes the sphere — the central portion of the aster— as consisting of 
liquid free of granules, and states that it increases in size until the aster 
attains its full development. The increase in size is due to an aceiiin il- 
lation of liquid from all parts of the egg — this liquid streaming along 
channels towards the centre of the sphere, along the so-called astral 
rays. Chambers further states that the ‘'cytoplasm between the rays is 
in the gel state.... The gel state is most pronounced near the sphere, and 
peripherally passes gradually into the sol state of the cytoplasm lying 
beyond the confines of the aster.” Chambers' use of the word “ gel” is 
apt 1!o be misleading, and this will be discussed later. It is not clear 
upon what criterion he based his definition of a gel, but from the later 
work of Seifriz ('20) it appears that the cytoplasm making up the wedges 
between the centrally directed streams can be stated merely to be in an 
exceedingly viscous state. (See p. 61.) 

Ill order that this similarity between the observation Chambers 
and the theoretical results of Lamb's hypothesis may hold good,Jt is not 
necessary to consider protoplasm simply as an emulsion in which the 
density of the disperse phase is less than that of the continuous phase. 
All that it is necessary to assume is that, in such an egg as that studied 
by Chambers, while the aster exists as such, all the disperse particles 
sarrounding the centrosome have, on the whole, a density less than that 
of the continuous medium. Bayliss ('19) states that protoplasm is "an 
extraordinary complex heterogeneous system of numerous phases and 
components.'' There will be particles lighter than the continuous phase 
and there will also be particles more dense. If, in the mass of protoplasm 
from which the aster is formed the lighter particles predominate, the 
efflux will be more considerable than the influx and hence the denser 
particles will be mostly carried outwards with the lighter particles. 
This will lead to the highly viscous zone being formed round the centro- 
sphere, and /urther, this zone will protect the centrosome from the 
denser particles that may gradually find their way towards the centre of 
the aster from the most outlying cytoplasm. Thus at the full develop- 
ment of the aster, one would expect to find, to some extent, an accumu- 
lation of those particles more dense than the continuous phase on the 
outside of the highly viscous zone of the aster but not in the centre- 
sphere itself. The aster of a sea-urchin egg is the only one yet described 
by the aid of microdissection. Other types of asters, which in fixed 
preparations show a grouping of particles immediately round the centro- 
somes as in certain sperraoteleotic mitoses could be feasibly explained 
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on the assumption that these were '' heavier ” particles that had “ got 
through” to the centrosome before the highly viscous zone was fully 
formed. 

It will be taken for granted that the formation of the amphiaster is 
a result of the division of the single centrosome in the single aster. 
This division results in the production of two oscillating bodies which 
repel each other and which are situated in the centi'osphere. Now the 
latter consists of continuous phase and will therefore be comparatively 
fluid. Hence the two centrosomes will at once repel each other to the 
periphery of the centrosphere, that is, into the highly viscous layer. But 
this viscous zone is repelled by the centrosome. Further, in the aster, 
the astral rays are the steady stream lines towards the centrosome. 
Obviously then, the existence of two centrosomes at diametrically opposite 
parts of the centrosphere will cause a complete reorganisation of the 
materials forming the single aster. These will reconstitute themselves 
round the ^wo centrosomes, when these have attained their maximum 
distance apart (see p. 58), the stream lines converging now towards the 
two separate centres. Thus the formation of an amphiaster from a single 
aster will not take place by the separation, intact, of two halves, each 
intact, of the single aster but will consist of a complete breakdown of 
the aster and its reconstitution about two centres. Again this is what 
Chambers states to be the case in the formation of the amphiaster ki 
Echinarachfiius. 

It is not possible to predict much as to the arrangement of the 
phases in the spindle region, that is, in the region between the two 
centrosomes. At a point equidistant between the two centrosomes 
a lighter particle will be acted upon by two equal and opposite 
attractions and the resultant force acting upon it will be zero in the 
direction of either centrosome. The force gradient between the two 
centrosomes therefore will be more steep than that between the centro- 
somes and the outlying parts of the cytoplasm, and it is the force 
gradient that causes the production of the viscous zone. " But, on the 
other hand, the spindle does not arise in an undisturbed mass of cyto- 
plasm, it arises in the region occupied by the centrosphere of the single 
aster — and this is a region consisting of continuous phase containing 
very little of the lighter disperse phase. Hence if the two centrosomes 
are near enough, compared with the size of a single aster, one can pre- 
dict that the spindle region, at the time of its formation, will be fluid 
as it was found to be by Chambers (17) and Seifriz ('20). If the 
centrosomes are comparatively far apart, the influence of either on the 
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cytoplasm surrounding the other will be small and so there will be 
formed round each an aster, and these will be practically independent 
of each other. Such an arrangement is often figured as for example in 
the pro-phase of the first cleavage of the egg in Ascaris megalocephalay 
Boveii (1887). 

In the unequal cleavage of Crepidula Conklin (’12) states that '‘The 
centrosomes and spheres are the cell constituents which first become 
unequal... A’s soon as the spindle becomes excentric the centrosome 
and sphere which lies the farthest from the centre of the cell becomes 
smaller than the one at the opposite pole.” This is what might be ex- 
pectj^d. In the smaller potential blastomere the surface will be brought 
neai’er to its centrosome and so the crowding of the lighter material in 
the zone around the centrosphere will be assisted and so will occur nearer 
to the centrosome. Thus the centrosphere will become smaller. Con- 
versely the sphere in the other half of the egg should enlarge. 

Up to now the activity of the centrosome has been considered more 
especially as affecting only the cytoplasm. It should hovvevex* be possible 
to demonstrate its effect on the cytoplasmic inclusions of the«cell such 
as the mitochondria, yolk, etc. These bodies should arrange themselves 
around the centrosome as focus. In many figures of fertilisation and 
mitosis this concentric arrangement is obvious. A striking example 
showing such an arrangement is figui'ed by Vejdovsky and Mrazek 
(’03) in the pro-phase of the early blastomeres of Bhynchelmis. Here 
at least five distinct zones can be seen arranged around the centrosomes 
as a focus. More recently F. R. Lillie (12) in the egg of Nereis sho-ws 
the repulsion of oil drops from the centrosome towards the egg membrane 
after fertilisation, while Meves (12), in some excellent figures of the egg 
of ParecMnus, shows that, during the development of the arnphiaster 
the mitochondria are attracted towards it and collect in that zone which, 
by comparison with Chambers’ work, one would imagine to be the very 
viscous zone. This arrangement agrees with that predicted above, where 
it was stated that heavier particles would collect in this zone. 

In a work on mammalian oogenesis Cattaneo (14?) figures the arrange- 
ment of the Golgi apparatus during the growth of the oocyte of a bat. 
In the youngest stages the apparatus is represented by a closely packed 
group of rods around the centrosome. As the oocyte grows, the rods 
become scattered throughout the cytoplasm, while in the oldest stage^ 
figured they are collected at the surface of the cell in a clearly defined 
pexipheral layer. 

Ludford and Gatenby (’21) in a recent paper describe the grouping of 
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the Golgi elements in various germ cells. In the young spermatogonia 
of the Rat the Golgi apparatus ‘‘ appears as a compact mass of black rod- 
like structures embedded in the centrosphere/’ This mass is described 
as dividing into two as the result of the division of the centrosome. The 
two masses move apart to the opposite sides of the nucleus and in between 
them is formed the spindle. As the chromosomes become arranged on 
the equatorial plate the Golgi rods break away from the archoplasm 
and become scattered in the cytoplasm.” During telephas^e these rods 
are all gathered together again once more as a closely j)acked mass 
around the centrosome. Ludford suggests that the force which holds the 
rods around the centrosome during the early stages of mitosis becomes 
diverted at metaphase to draw apart the chromosomes. However, thei^e 
need not be supposed any such selective action on the part of the centro- 
some if, as seems more feasible, it is assumed that the movements of 
these bodies to and from the centrosome are due to a periodic change 
in the relation of their density to that of the continuous phase of the 
cytoplasm. ^ 

Chambers (’17) showed that if the nucleus of an Echinarachmus egg 
is separated from the aster, then as long as it is within the confines of 
the astral rays it will find its way back to the centre of the aster. He 
explains this as being due to the centripetal current flowing in the 
astral rays. As the amphiaster is formed while the centrosome is close 
up against the nucleus, the latter will he drawn into the spindle region 
and held there. When the chromosomes make their appearance from 
the niicleiis they will therefore also be in the .spindle region. 

Lamb states that in metaphase the chromosomes will be repelled 
from the centrosomes. Owing to this repulsion they will collect at the 
€iquatorial plane but they will not then move outwards to the peripheral 
part of the equatorial plane for, though being repelled from the centro- 
somes, their induced oscillations causes them to attract one another. 

If this is so an analogy can be drawn with the well known experi- 
ment of Mayer’s floating magnets. A number of corks, through each of 
which is fixed a similar small rod magnet, are floated in a vessel con- 
taining watei* in such a way that all the magnets are pointing vertically 
upwards and all with the same pole uppermost, the north pole for in- 
stance. Since similar magnetic poles repel each other, these floating 
jnugnets will also repel each other and so collect at the sides of the 
vessel If now a strong south pole is brought over tlie water on wliich 
the magnets are floating the latter, while still exerting a repellent action 
on each other, will he attracted towards that south pole and they will 
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now arrange themselvevS in equilibrium in a definite order. It is found 
that any number up to five arrange themselves at the corners of a 
regular figure. Thus three occupy the corners of an equilateral triangle, 
while five arrange themselves at the corners of a regular pentagon. If, 
however, there are six magnets they do not arrange themselves at the 
corners of a hexagon, but five take up positions at the corners of a 
, pentagon while the sixth passes to the centre of the figure. A seventh 

j magnet addM to these six does not pass to the centre, but now six 

I occupy the corners of a hexagon and one passes to the centre. In other 

words, they form an outer ring of six and tan inner ring of one. With 
ten magnets there are formed an outer ring of eight and an inner ring 
of two and so on : 

Total number of magnets 5 6 7 8 9 10 11 12 13 14 15 1C 

Inner ring ... ... 0 1 111 2 3 3 3 4 5 5 

Outer ring ... ... 5 5 6 7 8 8 8 9 10 10 10 11 

It is obvious that if the chromosomes,, when on the equatorial plate, 
are acted upon by two forces, one of repulsion from the Centrosomes and 
another of attraction for each other, the^y are analogous to these floating 
•magnets, and hence, if they are all of approximately the same size and if 
they are free to move, they should show an arrangement on the equatorial 
plate similar to tliat assumed by the floating magnets. 

I ^ In such an arrangement it is obvious that any chromosome of the 

I group can change places with any othc?r chromosome of the group with- 

I out disturbing the equilibrium, since they are of equal size, and it is 

presumed, mass. However, in a group in which one or more of the 
chromosomes differs in size from the rest, naturally such an interchange 
could not take place without leading to an unstable condition. Hence 
j tlie equilibrium arrangement of such a group of different sized chromo- 

j somes would not conform to the same laws as those predicted for groups 

j of chromosomes of the same size. 

\ That the chromosomes are free to move on the equatorial plate can 

hardly be doubted. Microdissection work indicates that the cytoplasm 
in the equatorial zone is in a sol condition, and hence it is natural to 
suppose that the chromosomes would be free to move in such a 
medium. 

It must be emphasised that at present, any view of an equatorial 
plate is usually obtained from sections of fixed materials, and naturally^ 
any slight distortions produced in fixation will lead to anomalous results. 
However, Fig. 2 shows examples of the arrangements of groups of chro- 
mosomes copied from various cytological works. They are chosen only 
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Fig. 2. Illustrating figures of equatorial plates, in each of which all the chromosomes 
are practically of the same shape and size. Under each plate is the name of the genus 
from which it is taken and in front of this name is figured the predicted arrangement 
of the chromosomes. 
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from examples where all the chromosomes appear to be of the same size 
and shape. The agreement with the predicted grouping is obvious^ 

R. S. Lillie (’05) first pointed out that the arrangements of the chro- 
mosomes on an equatorial plate should coincide with those of Mayer s 
floating magnets. However, he based his views on the supposition that 
the chromosomes repel one another and are attracted at the same time 
by the protoplasm of the cell towards its centre. It is difficult to under- 
stand from this how it is possible for the chromosomes in a metaphase 
spindle to move towards the surface of the egg as they do in some cases 
of polar body formation and still remain in that spindle. The fact that 
the chromosomes remain in one plane, Lillie states, “ remains to be 
accounted for.” 

More recently Doncaster (’20) has pointed out this resemblance and, 
moreover, he emphasised the fact that the coincidence between chromo- 
some arrangement and that of the magnets is more marked when the 
chromosomes are short and of nearly uniform size. He did not suggest 
any explanation, but states that the fact “may have somef bearing on 
the theories concerning the mechanism of nuclear division.” ^ 

As was stated previously in discussing the formation of the aster 
under the influence of the centrosome, the particles lighter than the 
continuous phase of the protoplasm will be repelled from the centro- 
^ome and, since the egg is not limitless, there will be an accumulation 
of these lighter particles at its bounda?ries. That is to say, there will be 
formed a peripheral zone of lighter constituents at the egg membrane, 
that will not be free to move in a radial direction, and yet will still be 
acted upon by a force, repellent from the centrosome. Also since action 
and reaction are equal and opposite, this surface layer will repel the 
centrosome with an equal force. If this is indeed so, there will be certain 
phenomena which will naturally follow, and these will now be discussed. 

In the first cases to be considered it will be assumed that the lighter 
mateiial, after being repelled to the surface, remains collected there. 
The more general case, in which the lighter material is free to move in 
a tangential direction, will be considered later (see p. 68). 

Bjerknes showed that the repellent force of an oscillating body for a 
neutral “ lighter ” body varies inversely as the 7th power of the distance 
between the two bodies. Thus, if the peripheral zone of an egg exerts 

^ Since writing the above, there has appeared in this Journal (Winge, Jowm. Gen^’ 
Vol, xir. 1922, Plate XI, fig. 1) a figure of a polar plate of 23 chromosomes which are all 
practically of the same size and shape. They show very markedly the predicted grouping 
of an inner ring of two, a middle ring of eight and an outer ring of thirteen. 
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a I’epellent force on the centrosome; then, the nearer the surface is to 
the centrosome, the much greater will be that force. If an aster is 
placed centrally in an egg, the repellent force of the egg membrane will 
be the same in all directions. But, in the case of a mitotic spindle in a 
cleaving egg, each centrosome is excentricand hence the egg membrane 
on that side to which the centrosome is nearest exerts a greater force on 
that centrosome than does the diametrically opposite side of the egg 
membrane. Thus the two centrosomes are being forced tbwards each 
other by the surface layers of the egg. They will repel each other be- 
cause of their own inherent oscillations. They will be repelled by the 
chromosomes on the equatorial plate, as has already been discussed. In 
the plane of the equatorial plate, all the lighter particles which have 
accumulated there will be in equilibrium and all these particles will be 
repelling the centrosomes. The chromosomes, however, will be by far 
the largest of these particles, and so the repellent action of the material 
in tiiis plane will be^ chiefly due to the chromosomes. As a result then 
of Lamb's hypothesis, the length of a spindle in a dividing egg in meta- 
phase wiH depend on (I) the repulsion of the centrosomes for each other, 
(2) the repulsion the centrosomes of the chromosomes and other 
lighter material on the equatorial plate, and (8) the repulsion of the 
centrosomes by the peripheral zone of the egg. The first two fixctors 
tend to lengthen the spindle while the third tends to shorten it, anrl 
further, it is this last factor akTne of the three which influences the 
position of the spindle in th^ cell. It is obvious that a spindle is not 
ahvays repelled equally in all directions so that it moves towards the 
centre of the egg. Thus in polar body formation the spindle often passes 
from the centre to the surface. This will be discussed later (see p. 70). 

This consideration of the factors determining the spindle length 
agrees well with certain findings of Conklin (’12), and of Herlant (II) 
and Meek (T4). Meek (14) states that there is a relation between 
metaphase spindle length and cell volume in Forfioidcu In the primary 
spermatocytes the nuclear material is of the same arnoufit as in the 
spermatogonia, while the cytoplasm at the end of the growth period is 
much larger. That is, in the spermatogonia the peripheral layer of 
cytoplasm is nearer to the centrosomes than in the case of the primary 
spermatocytes. Correspondingly, the lengths of the metaphase spindles 
^in these two types of cells vary in a ratio approximately the same as 
that between their volumes. 

Conklin, showed that, after the commencement of cleavage in tlie 
egg of Orepid'ula, the greater the number of cleavages that have taken 
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place, the smaller will be the spindle. Here, although there is, according 
to Conklin, an increase in the total amount of chromatin in the embryo, 
the amount in each cell in the form of chromosomes is diminishing with 
each successive cleavage, and this may cause the decrease in the spindle 
length. . 

Herlant showed that in di- and tri-spermic eggs, the spindle which 
forms around the fusion nucleus resulting from the copulation of the 
female pronticleus with one of the sperm heads is longer than those 
which form around the single sperm heads. He states “II y a done une 
relation determin^e entre la longueur d’axe d’une mitose et la masse 
nucyaire a diviser.’’ 

These last two phenomena, however, could be explained without 
assuming a repellent action of the egg membrane on the centrosomes, 
by the improbable assumption that the length of the spindle depends 
on the repellent action of the centrosome for the equatorial plates and 
the attraction, at metaphase, of the centrosomes for each other. In this 
case, however, the position of the spindle in the egg would show no 
spacial relation to the egg membrane. That there is a relation^between 
the position of the spindle with reference to the egg membrane is shown 
by a recent experiment of Chambers (19) on removing part of the 
cytoplasm of a segmenting egg. He states “ a piece was cut from one 
pole of the amphiaster egg. The •amphiaster in the remainder of the 
egg disappeared to reappear again iif a new position, with the result 
that two equal sized blastomeres were formed/’ The new siirfixce, that 
is, the surface of the cut, was nearer to the spindle, and thus repelled it 
more than did the opposite surface ; and so the spindle was forced to 
the centre until it again took up a symmetrical position, with the result 
that two equal blo.stomeres were formed. 

Conklin (12), referring to the egg of states th 

by centrifugal force, the substance of the egg can easily be stratified 
into zones of material arranged according to their densities, yet the 
mitotic figure after the prophase, can be moved only with great diffi- 
culty. It seems from this that the chief factor which localises the 
spindle in the egg is the repulsion of the centrosomes, not by the cyto- 
plasmic inclusions, but by the condensed peripheral zone of cytoplasm 
ill which, as maintained above, there. will be an accumulation of the 
disperse phase. 

Perhaps Hertwig’s law that the spindle axis, in general, tends to 
point towards the greatest protoplasmic mass can he explained in a 
similar way. The direction of grmtest protoplasmic mass is, in other 
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words, that direction in which the cell wall is furthest off, and hence 
from this direction thei^e will be the least repulsive force acting on the 
centrosomes. Thus the nearer peripheral zone will repel the spindle 
with a greater force until it comes to lie with its poles pointing towards 
the region of least repulsive force, that is, in the direction of greatest 
protoplasmic mass. 

A phenomenon which, according to F. R. Lillie (19), may be universal 
is that of the rotation of the sperm head during fertilisation. After the 
sperm head has penetrated the surface of the egg, its apex points to- 
wards the centre of the egg. At its outer part, that is, in the region of 
the middle piece of the spermatozoon, the sperm aster develops. As it 
develops it passes towards the centre and, synchronously, the sperm 
head pivots in such a manner that its base is directed towards the 
centre. Now Chambers (17) has shown ‘‘ that the spei'm nucleus is 
held in a gel around the sphere and is dragged about by the aster.” 
According to the id^as developed above, as the sperm aster develops it 
will be repelled towards the centre by the peripheral zone of the egg. 
The sperm head will not be acted upon by any such force, and so will 
remain where it is while the aster commences to move inwards. Thus 
the rotation of the sperm head will be due to the repellent force of the 
outer zones of the egg on the sperm aster and the inertia of the sperm 
head, combined with the fact that the sperm head is held by the gel 
of the aster. 

The effect of the force acting between the centrosomes and the 
surface layers of the egg will now be considered in relation to that 
event of mitosis which has been termed plasmadiaeresis,” that is, the 
division of the protoplasm of a cell into two daughter cells as distinct 
from the division of the centrosomes and chromosomes. 

That the shape of cells is due to the action of sux'face tension is 
expressed in Errera’s law, which states that any group of cells in contact 
arrange themselves as if each were a soap bubble and devoid of mass. 
DArcy Thompson (17) states among the factors which determine the 
form of cells, whether solitary or arranged in contact with one another, 
this force of surface tension is certainly of great, and is probably of 
paramount importance.” 

Certain workers make the assumption that the pressure inside a cell 
- is due to the surface tension at its surface. Thus D’Arcy Thompson (17) 
calculates the curvature of the interface between a large and a small cell 
in contact, on this assumption. McClendon (13) and Spek (18) both 
calculate the theoretical value of the pressure inside an egg during 
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mitosis in terms of the surface tension of its surface, as if it were a 
fluid drop. 

In recent years there have been published some very indefinite 
accounts of the actual physical state of the surface layers of a cleaving 
egg and these owe their lack of precision to the indiscriminate use of 
the word “ gel.'' This has been emphasised and adequately discussed by 
Seifriz ('20) who is the first worker who, to avoid this confusion, gives 
in his own work, a list of the terms of viscosity which he uses in his 
description compared with the viscosity of certain well known solutions. 

By the term “ gel " one ordinarily understands a solid body, that is, 
one with infinite viscosity and showing elastic properties. Thus Mathews 
('16) states that “gels are solids." Hatschek (’20) makes the general 
statement that a gel shows perfect elasticity within certain limits. But 
as Seifriz (’20) points out, actually, whether a colloid system is in a state 
of a sol or a gel depends upon its structure and not upon its viscosity. 
That there may be certain peculiar gels, that is, colioid systems showing 
the structure of a gel which at the same time exhibit a measurable 
viscosity, is undoubted, but since, in microdissection work, practically the 
only criterion as to the nature of the colloid system is its viscosity, it 
seems advisable to avoid the use of the word “ gel " as much as possible 
and merely refer to the viscosity in terms of some standard scale as used 
by Seifriz. 

Now a highly viscous fluid is not truly elastic — it may be resilient. 
Further, such a fluid would exhibit properties due to surface tension, 
while a solid which has infinite viscosity is unable to manifest its surface 
tension. Obviously, whether the surface of a dividing egg is fluid and 
so under the influence of surface tension, or whether it is solid and so 
under the influence of the tension in that solid is a matter of great im- 
portance as the two cases lead to totally different results. Thus, imagine 
an egg as a drop of fluid surrounded by a solid elastic membrane and 
suppose it were possible to inject into that egg an additional amount of 
fluid. This would stretch the egg membrane and so increase its tension, 
and this increased tension would increase the pressure inside the egg. 
On the other hand, suppose that the egg surface were fluid and so 
merely under the influence of its surface tension, then, if an additional 
amount of fluid were admitted into the egg a quite different state of 
affiiirs would arise. There would be no increase in tension in the limiting^, 
surface of the egg as the surface tension of the fluid paribus 

will remain constant, but there would be a decrease of pressure inside 
the egg, for the pressure^ inside a spherical drop of fluid is given by the 
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expression 2r/.E where T equals the surface tension of the fluid and R 
equals the radius of the drop. Thus if T remains constant and R is 
increased, the resulting pressure must decrease. 

On a priori grounds it is difScult to imagine a sphere bounded by a 
solid membrane dividing into two parts, without this division leading to 
such inequalities in the tensions of the different regions of the surfaces 
of the two daughter drops as would make the spherical form of those 
daughter drops impossible. However from the works of Kite and 
Chambers on microdissection it is. obvious that although they refer to 
the surfece layer of an egg as being in a gel state they do not mean to 
imply that it consists of a solid but rather of a highly viscous fluid. 
Thus Kite (13) used the term gel to designate the amorphous “semi- 
solid"’ state of living substance and this mmst also imply “ semi-fluid/" 
Chambers (18) states that the fluid cytoplasm of an egg is enclosed in 
a “jelly like and highly viscous surface layer.” Again Chambers (17) 
emphasises the fact l^hat “ the gel state is never even visibly an inert 
solid” and again “ living protoplasm, even in the gel state is a dynamic 
structureT and never a static one.” In a later paper (19) he states that 
during the cleavage of an egg “ two spheres of solidification grow at the 
expeuvse of all but probably a small peripheral part of the fluid egg 
substance.” Thus he considers the surface of a dividing egg as essentially 
Muid. Kite (’13) states that in the egg of small pieces of the 

peripheral portion can be drawn*^out into a thread and when freed the 
thread contracts “ into a more or less rounded mass.” Now if the egg 
surface had been a true elastic solid the protoplasm forming the thread 
would have contracted into its original form without leaving any trace. 
That it left a rounded protuberance indicates that it was essentially a 
viscous fluid. 

Some experiments of Yatsu and Chambers on cutting away portions 
of cleaving eggs can be satisfactorily explained if the surface of the egg 
is assumed to be a liquid surface. Yatsu (’08) cut the cleaving egg of 
Cerebratulus unequally after it had formed a waist, in a plain parallel 
to the spindle axis. The larger portions contained the asters and the 
chromosomes. In the smaller piece which, naturally, contained no asters, 
the cleavage furrow deepened and cut the piece into two. The enucleated 
fragment can be considered approximately as a cylinder with a narrow 
^niddle portion forming a waist. Now the stability of a fluid cylinder 
depends upon the ratio between its length and its diameter. If this 
ratio becomes too high the cylinder becomes unstable and divides into 
two at its middle. Hence if the surface of the egg oi Oerebratuhis is 
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fluid, the obvious explanation of the division of this enucleated fragment 
is that its length was too great compared with its breadth for it to be 
stable. Similaiiy Chambers (19) cut the egg of Asterias just as it was 
beginning to cleave in a plane oblhpie to its spindle axis, so that it was 
divided into two pieces, each of which contained an aster. Sometimes 
the cleavage furrow persisted, and a small enucleate fragment was 
budded off from each nucleated fragment, while at other times the 
cleavage fiirfow disappeared and each piece then appeared like a normal 
blastomere. These wedge-shaped fragments cannot be so strictly com- 
pared to a fluid cylinder but obviously their stability will depend on 
similar conditions. There seems to be no other fea>sible explanation of 
the division of these enucleate fragments. 

vSeifriz (’21) in his most i^ecent work on protoplasmic membranes 
states that he agrees with Berczeller (17) in looking on the plasrna- 
niembraoe not as /fa skin,” which Berczeller defines as a rigid structure 
‘‘but as a highly viscous layer of modified protoplasm which may at 
times become quite fluid.” He is careful to indicate that he is dealing 
with the surface of naked protoplasm only. 

From the above discussion it must be inferred that the surface of 
the cytoplasm of a dividing egg, at least during the last half of mitosis 
is essentially a fluid structure. Whether sol or gel is not of great import- 
f^icc‘. here, the important fact to be deduced is that, since the surface of 
the dividing egg is fluid, the pressure Inside that egg is defcermined by 
the general equation connecting the pressure inside a fluid drop with its 
surface tension and its curvature P = T (1/Pj -h I/P 2 ) where P = pres- 
sure inside the drop, T = surface tension of the fluid and and = the 
maximum and minimum radii of curvature at any point. These two 
radii are always in planes at right angles to one another. 

The initiation of plasmadiaeresis must be coincident with a relative 
increase in surface tension in the equatorial zone. Robertson’s (18) 
assertion that the division of a cell is a resultant of a relative decrease 
in the surface tension in the equatorial zone has been adequately dis- 
proved by McClendon (13)h 

Chambers (’19) does not mention any such local change in surface 
tension in the egg surface. He explains plasmadiaeresis as being due to 
the growth within the cell of two solid masses of material at the expense 

> In a recent paper (Q.J.M.S. Vol. lxvi. 1922), Gray has niaintained^^t^^ cell division’ 
can be readily explained without postulating any differential surface tension at the poles 
or equator of the ceil. His views are refuted by the present author in Nature, Vol. ex' 
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of the suiToimding cytoplasm. That is at the expense of the peripheral 
cytoplasm which he further explains is fluid. It is easy to show, that 
under these conditions, at that stage at which a waist is formed during 
the division of an egg, that egg would be in an unstable condition and 
all the peripheral fluid would tend to collect at the equator and so 
obliterate the furrow as soon as it was formed. Actually, however, this 
stage could never be reached if plasmadiaeresis proceeded according to 
Chambers' ideas, for, as soon as the two solid spheres In the fluid 
vspherical egg had grown so that their combined diameters equalled the 
diameter of the fluid drop in which they were situated, then, any further 
growth would stretch the diameter of the drop in one direction and it 
would naturally decrease it in another direction at right angles to this, as 
Chambers points out. That is, it would lead to some form of ellipsoidal 
drop, and such a drop is unstable if the surface tension is uniform 
throughout its surface. Its fluid portion would transform immediately 
into a spherical drop surrounding one of the spheres of solidification. If 
there is assumed to be an equatorial z^he of relatively higher surface 
tension in the dividing egg, then Chambers' (’19) view is theoretically 
possible. But, as will be shown immediately, without certain other 
forces coming into play it is practically impossible. 

That an increasing surface tension in an equatorial zone will cause a 
waist to develop can easily be deduced from the general equation quoted 
above and will not be discussed farther here. 

Imagme a fluid drop in which a waist has commenced to form which 
would tend to divide it into two equal daughter drops. Each half of the 
drop can be considered as a part of a sphere. Now the pressure inside 
either half of the cleaving drop will be 2TjR where R is the radius of 
curvature of the spherical surface of either half. If, through the action 
of some external force one half becomes smaller than the other half, the 
pressure of the smaller one will immediately become greater than that 
in the larger one, since its radius of curvature has become smaller. 
Since fl uid flow^s from regions of high pressure to regions of low pressure 
it naturally follows that fluid will flow from the smaller half into the 
larger. This, however, will further diminish the radius of the smaller 
half, increase its internal pressure, and so cause the flow of fluid to 
increase. This will obviously proceed until all the smaller drop has 
^flowed into the larger one. In other words the division of a fluid drop 
under the sole influence of an increasing surface tension in an equatorial 
band, is only theoretically possible. 

In a cleaving egg there is a similar state of affairs— when once the 



H. Graham Ckmm 


65 


division furrow lias commenced, any slight disturbance due to external 
forces, such as currents, waves, etc., could compress or expand either half 
of the dividing egg. But, as is shown above, when once this deformation 
started, it would proceed until one half of the egg had absorbed the fluid 
portion of the other half. An egg which has commenced to divide under 
such conditions is therefore in unstable equilibrium and so division 
of an egg, merely by the influence of this force, into two equal portions 
is not actually possible. 

It may be pointed out that Robertson (’13) and Spek (’18) have been 
able to cause a fluid drop to divide into, two, solely through the action 
of a varied equatorial surface tension, but in all these cases large drops 
were used in which the internal pressure is not great, and also, the 
division was comparatively rapid. The possibility of division is also due 
io the viscosity of the fluid used, which would tend to prevent the flow of 
one drop into the other. In a dividing egg, however, the division is, in 
comparison, extremely slow, and so the viscosity, despite its large vain e, 
as a factor tending to inhibit the flow of one drop into the other, would 
not produce a marked effect. In any case equal division of tile egg is, 
under these conditions only theoretically possible. 

It must be emphasised that in such a small Body as, for example, the 
egg of a sea'-urchin, with its fluid surface, the internal pressure must be 
weiy great. And, also, in the cleaving egg any small difference between 
the radii of th(.^ [)rospeetive blastomeres would lead to a large differeilce 
of internal pressure between them. Cases of unequal cleavage in which 
there is “polar lobe” formation are mei^ely special cases of equal cleavage, 
but in those cases of unequal cleavage where there is no polar lobe, then, 
when the cleavage furrow is forming, the action of surface tension will 
tend to set up a large difference of pressure between, the two blasto- 
meres. This difference of pressure would quickly cause the fluid contents 
of the smaller sphere to flow with increasing speed into the other unless 
there were some counteracting force. 

Now this counteracting force will be supplied by the repellent action 
of the centrosomes on the surface layers of the egg. Bjerknes (’00) 
states that a lighter body will be repelled from an oscillating body with 
a force which varies as 1/iJl This means that the intensity of the force 
with which a centrosome situated at the centre of a spherical blasto- 
mere will repel the surface of the blastomere will also vary as and,_^ 
hence can be represented by K/RL 

Ignoring for the time being the action of surface tension, imagine as 
before, a cleaving egg in which the waist has just commenced to form, 

Joiirn, of Gen. xin . 5 ^ 
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and suppose that through some external force, one half of the egg is 
dirninished in size. Now, in this smaller half, the repellent action of the 
centrosome for its surface will increase, since its radius has diminished, 
and, further, this force is in an outward direction. That is, it will tend 
to cause the smaller half to expand again to its original size. In other 
words, if, through external causes, the shape of a dividing egg is dis- 
turbed, this repellent force on the surface layers tends to restore the 
cleaving egg to its original condition and so it will coimt&act the op- 
posite effect of the surface tension which tends to increase any deforma- 
tion. Surface tension tends to render the cleaving egg unstable while 
the centrosomal force tends to stabilise it. 

The two halves of the dividing egg have been considered as parts of 
spheres. It will not be far wrong, if it is assumed that, during cleavage 
if Ra sire the radii of curvature of each potential blastomere, 

then, since the sum of the volumes of the two blastomeres is constant 
+ {Rj^Y == if, this being a measure of the volume of the egg before 
cleavage. If this is assumed, it is possible to obtain the series of values 
connectirJg Ra, and Ru. 

Now the force due to the surface tension which tends to cause the 
protoplasm to flow from the temporarily smaller blastomere into the 
larger will be given by 2TjRa-‘ ^TjRij, Ra denoting the radius of 
the smaller of the blastomeres. This will be counteracted by the resulbr 
ant of the centrosomal repulsion on the surface of the blastomeres and 
this will be given by o = KfRj — KjR^. Obviously equilibrium can only 
obtain when 35== c. 

It is not possible to obtain the actual values of t and c since the 
absolute values of K and T are not known, but if one plots the values of 
— l/i?& and of IjR^ — 1/J2?/ one will obtain curves of the same form 
as if the actual values of t and c had been plotted, and hence, deductions 
can be made from these curves which will apply equally well to the 
actual relations of the values of t and c. If this is done it is seen, as 
might have been deduced from the equations themselves, that the curves 
areofdifferentshapes (Figs. 3aand 36). In these graphs both the curves 
cross at the point P. This has been taken as the point vrhen the two 
blastomeres are of equal dimensions and m Ra, = Rh ^OP, Here 
t and 6* are equal as they are both zero and thus the egg is in equi- 
--iibriiim. Whether this equilibrium is stable or not can be deduced from 
the curves. Suppose, as before, that one blastomere becomes smaller 
than the other. Its radius will be represented by a length OX where X 
is some point nearer to 0 than P. Let this diminution be represented 
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by dR. i’or this small change dB, there will be corresponding changes 
in 4 and c which can be represented by dt and dc, and in the curves these 
will be represented by the lines OA and OB. In Fig. 3tt, do is greater than 



Figs. Bef. and 36. 


dt and since the force c tends to produce stable equilibrium, the cleavings, 
egg will return to its former condition. Thus the point P in Fig. 3ci 
represents a point of stable equilibrium and so equal division of the egg 
is possible. 
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and suppose that through some external force, one half of the egg is 
diminished in size. Now, in this smaller half, the repellent action of the 
centrosome for its surface will increase, since its radius has diminished, 
and, further, this force is in an outward direction. That is, it will tend 
to cause the smaller half to expand again to its original size. In other 
words, if, through external causes, the shape of a dividing egg is dis- 
turbed, this repellent force on the surface layers tends to restore the 
cleaving egg to its original condition and so it will coimt&act the op- 
posite effect of the surface tension which tends to increase any deforma- 
tion. Surface tension tends to render the cleaving egg unstable while 
the centrosomal force tends to stabilise it. 

The two halves of the dividing egg have been considered as parts of 
spheres. It will not be far wrong, if it is assumed that, during cleavage 
if Ra, ^^nd are the radii of curvature of each potential blastomere, 
then, since the sum of the volumes of the two blastomeres is constant 
{R(^^ ’^■(Ri.f = Ky thiB if being a measure of the volume of the egg before 
cleavage. It' this is assumed, it is possible to obtain the series of values 
connectirlg and i?^,. 

Now the force due to the surface tension which tends to cause the 
protoplasm to flow from the tempoi’arily smaller blastomere into the 
larger will be given by 2TIRa — 2TIRi„ R^ denoting the radius of 
the smaller of the blastomeres. This will be counteracted by the result 
ant of the centrosomal repulsioif on the surface of the blastomeres and 
this will be given by c = KjRa — KjR^. Obviously equilibrium can only 
obtain when t = c. 

It is not possible to obtain the actual values of t and c since the 
absolute values of K and T are not known, but if one plots the values of 
IjRa— lIRi) and of l/i?/- one will obtain curves of the same form 
as if the actual values of t and c had been plotted, and hence, deductions 
can be made from these curves which will apply equally well to the 
actual relations of the values of t and c. If this is done it is seen, as 
might have been deduced from the equations themselves, that the curves 
are of different shapes (Figs. 3 a and 3 b), In these graphs both the curves 
cross at the point P. This has been taken as the point when the two 
blastomeres are of equal dimensions and so = OP. Here 

t and 0 are equal as they are both zero and thus the egg is in equi- 
librium. Whether this equilibrium is stable or not can be deduced from 
the curves. Suppose, as before, that one blastomei’e becomes smaller 
than the other. Its radius will be represented by a length OZ where - J 
is some point nearer to 0 than P. Let this diminution be represented 
* • 
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by dli. For this small change clR, there will be corresponding changes 
in ^ and c which can be represented by dt and dc, and in the curves these 
will be represented by the lines OA and OB. In Fig. do is greater than 



dt and since the force c? tends to produce stable equilibriuni, the cleaving;^ 
egg will return to its former condition. Thus the point P in Fig. oa 
represents a point of stable equilibrium and so equal division of the egg 
is possible. 
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It has been emphasised previously that the actual loci of the , curves 
will depend on the absolute value of the surface tension and the other 
constants concerned, but the shapes of the curves will remain the same 
irrespective of the values of those constants. Since the two curves are 
of different shapes they can never coincide, but it is legitimate to assume 
that, in some cases, the real foci of the curves will be such that, although 
they cross at the point P, where the size of the two blastomeres is the 
same, they will also cut at another point Q (Fig. 36), After crossing at 
Q they will meet only again at infinity. 

In this case as before, a small change dR leans to a corresponding 
change dc and dty but here dt is greater than do. This means that, for 
a small change in the size of one of the blastomeres, the effect of the 
surface tension which tends to increase that disturbance is greater than 
the centrosornal force, dc, which tends to restore equilibrium. Thus 
here, at the point X, the cleaving egg is not in equilibrium and so the 
smaller blastomerc will diminish further. This will proceed until the 
radius of the smaller blastomere is represented by OF, where F is 
vertically ‘below the point Q, where the tw^o curves cross. Now at this 
point c — QY, and hence the cleaving egg must be in equilibrium. 
It will easily be seen that the point Q in Fig. 36 is similar to the point 
P in Fig. Sa, that is, it is a point which represents stable equilibrium 
of the cleaving egg in which the blastomeres are of unequal size. In* 
Fig. 36 the point P represents equilibrium but it is unstable. Hence it 
can be deduced from this curve, that plasmadiaeresis is possible, under 
those conditions from which the curve is derived, when the sizes of the 
two blastomeres are different. 

Thus it has been argued that experimental evidence indicates that 
the surface of a cleaving egg is essentially fluid. From this it has been 
deduced that cleavage cannot be brought about through the sole agency 
of surface tension, and hence that there mustvbe some force which 
coimteracts the disturbing force of surface tension. It is maintained 
that the centrosornal force postulated in Lamb s hypothesis'* will result 
in such a stabilising action, and further, that this hypothesis permits the 
possibility, not only of equal, but also of unequal cleavage. 

In considering the repellent action of the centrosome on the surface 
layers up to now, it has been assumed that the lighter material, once it 
'^iollects at the surface, remains there. The alternative case in which the 
lighter material is free to move in a tangential direction remains to be 
considered. 

point Q within the circle APiP^B represents an 
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eccentrically placed centrosome of an aster in a spherical egg, the cyto- 
plasm of which is theoretically uniform. The repellent forces due to the 
centrosome acting on particles P^Po , . . which have collected at the surface 
will act along the lines QPi.QPof •••. These may be resolved into forces 
normal to the surface of the sphere Pi Pj , Pg P2 , . . . and forces tangential 
to the surface PiSi, P282. The former components will merely tend to 
collect the particles at the surface but the other component will always 
act in a tangential direction from A to B and thus tends to drive the 
lighter particles from to P. 

If now the fluid forming the peripheral layers of the sphere has a 
comparatively low viscosity, the particles, once they have reached the 



surface, will not experience much resistance to their motion resulting from 
the tangential force acting on them, and so will move towards the pole 
B and collect there. If this movement from to B has proceeded long 
enough the accumulation of the lighter material at B will become so 
great that the repulsive force of the surface layers at B, acting on the 
centrosome Q, will be greater than the force similarly exerted by A, and 
hence Q will move towards As it moves, however, the tangential 
component of the centrosomal force becomes comparatively greater than 
the radial component, and so the movement of the lighter materials 
from A to B will be accentuated and thus the centrosome will continue 
toward A until it reaches the surface. 
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If now, instead of the single aster, there is a spindle between the two 
eentrosomes Qj and Qg symmetrically placed with regard to the egg, 
Fig. 46 , it is obvious that they will be antagonistic in their effects on 
the surface particles, and hence the lighter material will tend to accumu- 
late in the equatorial region between the two eentrosomes. But if the 
pair of eentrosomes is slightly displaced towards J., then the resultant 
of the two centrosornal forces will be a balance in favour of the collec- 
tion of lighter material at the result can be considered as the 

sum of the effects of two independent eentrosomes. Thus a spindle 
between two eentrosomes in a diameter of the egg will act as a single 
centrosorne, and thus would move towards the surface under the same 
conditions. 

Further, if there is a spindle placed anywhere in the egg so that one 
centrosorne is nearer the surface than the other, then that centrosorne 
which is nearest the surface will tend to pass towards the surface more 
quicisly and with a greater acceleration at any instant than will the 
other. TheF'will both move towards the surface but the slower speed 
of the centrosorne furthest from the surface will cause it to lag behind 
and this will result in the spindle, as it moves towards the surface, 
setting itself pei'pendicular to that surface. Actually, in an egg, this 
effect may be obscured by many things; thus the presence of a sperm 
aster would give rise to a different set of results. But, near to the surface^ 
one would expect the effect to be most pronounced, and this is certainly 
the case in the formation of polar bodies where the spindle always 
ultimately comes to lie perpendicular to the egg surface. 

In the cases considered above it is assumed that the fluid contents 
of the egg are comparatively non-viscous. If, however, the fluid, is, on 
the contrary, viscous, the resistance offered to the movement of lighter 
particles by the surrounding fluid may be greater than the force tending 
to collect them at one of the poles of the egg. If now a centrosorne is 
displaced from a central position, there wdll now be comparatively no 
displacement of lighter material towards one pole of the egg,'' and so the 
force of repulsion exerted by the nearer surface will be greater than that 
of the opposite surface, and thus the centrosorne will be forced back to 
its central position. Obviously a similar result applies to a spindle in 
like condition. 

^ Thus to summarise, it may be stated that an aster or a spindle placed 
centrally in a spherical egg is in stable or unstable equilibrium according 
as the viscosity of the fluid surface layers of the egg is comparatively 
high or low. Aeeoidingly the movement of an aster or an amphiaster in 
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an egg will depend, among other things, on the viscosity of the surround- 
ing cytoplasm. With more viscous cytoplasm the centrosome will tend 
to pass to the centre while with more fluid cytoplasm it will pass from 
the centre to the surface. 

Not much work has been published on the variations of viscosity 
during fertilisation, but Heilbrunn, working on Arbacia (15 and /20) 
and on Gimvingia ('21), and Seifriz ('20), using the eggs of EcJiinarach- 
nius, have b5th discovered definite relations between the viscosity of the 
egg and the various events of fertilisation. In the case of Arbacia and 
Echinaraclinius one would expect, from the uniform nature of the con- 
tents of the egg, that the above theoretical considerations would apply 
most closely. In these urchin eggs, polar body formation is completed 
before the entry of the spermatozoon. The sperm head directly after 
penetrating the egg membrane develops an aster about its hind end. 
This aster then passes to the centre of the egg. Hence it can be pre- 
dicted that this process is associated with increased viscosity, at least in 
the peripheral part of the egg. Heilbrunn (15) states thaf"in the ripe 
egg of Arhacia the protoplasm is comparatively fluid, and thatr fertilisa- 
tion is associated with increased viscosity. 

In Oumingia, where maturation takes place after the entry of the 
spermatozooiii he showed that the passage of the first polar spindle 
towards the surface takes place when the egg-contents are comparatively 
non- viscous. He plotted a curve indic?ating the values of the viscosity 
during the period after fertilisation until the completion of the first 
cleavage. Dining the latter part of the mitosis, the curve rises, in- 
dicating a high value of viscosity, and falls again before the next 
mitosis. However, in between the high value of the viscosity during the 
second polar body mitosis and the low value preceding the first 
cleavage mitosis there is a very striking rise in the curve, indicating an 
increase in viscosity just at that time when the pronuclei pass towards 
the centre, which is in close agreement with the idea that the passage 
of an active ’centrosome towards the centre of the egg is associated with 
increased viscosity of the cytoplasm. 

Heilbrunn's method of experiment was to centrifuge the eggs and 
note whether the contents of the eggs separated out into layers or 
whether the viscosity was large enough to overcome the disturbing 
centrifugal force. This method, of course, can give us no indication of^ 
any regional variation of viscosity. However, Seifriz ('20), by the micro- 
dissection method, has been able to determine local variations of viscosity 
in the egg ot Echinarachnius B,{ter {extilheution. He states that the 



72 


On tlieBatm^e of the 

viscosity of the unfertilised egg is similar to that of glycerine, and is 
practically luiiform throughout the egg, but, with the first appearance 
of the sperm aster, there is an increase in the viscosity of the peripheral 
cytoplasm. By the term peripheral cytoplasm he does not mean the cell 
membrane, but a broad outer zone of cytoplasm. This conforms exactly 
, with the theoretical results depicted above. 

It has been pointed out already that the activity of a pair of centro- 
somes symmetrically placed in an egg will lead to an accfimulation of 
lighter material in the equatorial zone. The presence of surface currents 
from the polar regions to the equatorial zone has been described in the 
cleaving egg of Amari^ by Spek (18). 

It is possible that this tendency for the lighter material to collect at 
the equator of an egg may sometimes be causally connected with an in- 
crease in surface tension and the consequent appearance of a -waist in 
this region which is always a precursor of plasmadiaeresis. In this case, 
as the spherical egg divides into two smaller spheres, it tends to bring 
the surface of the incipient spheres normal to the centrosomal force in 
those spheres, and hence tends to minimise the force which might 
otherwise drive the two centrosomes to one of the poles. 

The arrangement of the chromosomes on the metapliase plate has 
been discussed already. Their movement from the equator towards the 
poles is explained by Lamb, as was pointed out in the introduction tp 
this paper, as being due to flieir varying density, Prenant (10) 
criticises this by saying that any assumption as to changes of density of 
chromosomes is quite grafcuitous and unsupported by any fact. But, 
whether periodic changes in density of chromosomes are probable or not, 
there is another obvious explanation. That is, that the density of the 
continuous medium in which the chromosomes are suspended, changes 
periodically. This could lead, on Lambs hypothesis, to the same results 
as if the density of the chromosomes themselves changed periodically. 
It is not their absolute density, but the relative density of the chromo- 
somes and the surrounding fluid which determines the sigii of the force 
acting upon them. This suggestion cannot surely be termed gratuitous. 
There are many facts which indicate that most probably the density 
of the continuous phase of the cytoplasm changes periodically during 
the cell cycle. The mere fact that during mitosis the evolution of carbon 
^dioxide is at a maximum strongly suggests that there are corresponding 
clianges of densities in the fluid contents of the egg. In fact it is difficult 
to conceive of the cyclic changes that take place during mitosis, not 
being correlated with changes in density of the various flnirl contents of 
thci^eell. 
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In the foregoing pages I have cbllected together all the theoretical 
results that appear to me to follow necessarily, if we accept Lamb’s 
hypothesis of the mechanism of mitosis. They may be summarised 
briefly as follows : 

(a) The arrangements of the contents of a cell would depend inter 
alia on the activity of the centrosome, and also on their densities, rela- 
tive to that of the continuous phase of the surrounding cytoplasm. This 
would lead to an explanation of 

{})) The constitution of the aster and amphiaster as described by 
microdissection workers. 

(c) It would account for the arrangement of the chromosomes on the 
polar plate of dividing cells in those forms in which the chromosomes 
are all of practically the same size and shape. 

{d) The periodic movements of the cytoplasmic inclusions to and 
from the centrosomes might also be accounted for. 

As a result of (a) there should be, during a period of activity of ihe 
centrosomes, 

(e) An accumulation of lighter ” materials in the perij)heral zones 
of the cell. This will lead to a mutual repulsion between the centrosome 
and the outer layer of the cell, and if this zone is comparatively viscous 
will result in 

, (/) Both equal and unequal cell division being possible. 

{g) The rotation of the sperm heM during fertilisation would be 
explained. 

{h) It would account for certain relations found between the spindle 
length and cell size. 

(i) It would explain the movement of the sperm aster towards the 
centre of the egg during fertilisation. On the other hand, if the peri- 
pheral zone of the egg is comparatively non- viscous, there would follow 
an explanation of 

(J) The movement of the spindle towards the surface of the egg as 
in polar body formation. 

{h) And also of the fact that such a spindle always ultimately sets 
itself perpendicular to the egg surface. 

The assumption that I have made in order to arrive at these con- 
clusions is that the cytoplasm, at least in the neighbourhood of the 
centrosome, is an emulsoid colloid in the sol state. That is, I have^ 
assumed that there is one definite coktinuous phase. Recent work of 
Seifriz (’21) may indicate that the surface layers of an egg, despite their 
fluidity, are in a gel state, in which case it is probably meaningless to 
talk of one phase being continuous and the others as being disjperse. But 
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ill the central parts of the cell, ail microdissection workers seem to 
agree that the cytoplasm is in the sol condition, and it is in the central 
portion that the centrosonie is ordinarily to be found. 

As I pointed out earlier in this paper, there is no need to consider 
cytoplasm as being essentially a two-phase emulsion. Protoplasm may 
be, as Seifriz (’20) states, “a multi-phase system, emulsion within emul- 
sion.” All that is necessary for the results I have deduced is that it 
shall be in the sol condition and so there will be a definite continuous 
phase. Then, if the disperse phase is, on the whole, lighter than the 
continuous phase, a feasible explanation can be given of the structure of 
the astral figure as described by Chambers (17). If, on the other hand, 
the disperse phase is on the whole heavier, then there would be no aster 
formed, and possibly no apparent activity, as there would be greater 
influx towards the centrosome than efflux from it, and so the disperse 
phase would be merely crowded on the centrosome. This would not 
pre^wept the gradual accumulation of the lighter materials at the surface, 
and so there would still exist a mutual repulsion between the centro- 
somes and the peripheral zones. Thus plasmadiaeresis would be quite 
possible without any aster formation. At the same time it would allow 
for the possibility that in some cases, as seems probable in certain 
leucocytes and epithelial cells, the centrosome may be in a continual 
state of activity without there being any astral radiations. ^ 

Prenant’s criticism (10) of’ Lamb’s hypothesis I have discussed 
already. The only other important criticism is that of Hartog(13). He 
negatives the idea of a hydrodynamic field due to oscillating bodies on 
the grounds that such fields are not possible in the heterogeneous and 
viscid contents of the cell on account of damping action. This is a very 
general statement and, I think, must surely depend, not only on the 
nature of the medium in which the bodies are oscillating, but also upon 
the source of energy of the oscillating bodies. This again will be de- 
pendent on the constitution of the oscillating bodies themselves. 

Hartog states further that the extension of the rays ifito the cyto- 
plasm is the sure proof that mitosis cannot be due to such a hydro- 
dynamic field. I have tried to show that the form of the aster will be 
due to the passage outwards of the disperse phase and the passage 
inwards of the continuous phase, the latter forming channels leading 
^ towards the centrosome which correspond to the astral rays. It is obvious 
that, on this explanation, as the disperse phases pass outwards, so the 
astral rays will grow in length. Hartog (’14) however considered that 
the existence of twisted spindles formed striking refutat^^^^^ 
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views that regard achromatin fibres as mere stream lines '' — a view that 
could hardly be put forward nowadays in the light of recent micro- 
dissection work. 

Further, according to the explanation I have put forward, the cen- 
trosome is oscillating in the continuous phase of the cytoplasm, a 
substance which is comparatively very fluid and not viscid as Hartog 
suggests. According to the description of Seifriz ('20) the fluid of the 
centrosphere is not much more viscous than water. 

Lamb put forward his hypothesis as an explanation of the mechanics 
of mitosis.” Such a hypothesis should take into account all the various 
events which collectively constitute mitosis. Lamb's hj^pothesis deals 
rather with the nature of centrosomal force only, and hence the title of 
the present paper. Such a hypothesis should conform to all those events 
in which a centrosome is directly concerned, and among these must be 
included fertilisation. I have already considered the conditions of move- 
ment of a centrosome in a cell and I think that those considei:atkms 
together with some of the results of microdissection are adequate to 
explain the meeting of the pronuclei and their passage towards the 
centre of the egg during fertilisation. D’Arcy Thompson ('17) says 
that the meeting of the pronuclei and their passage towards the centre 
of the egg must be due (as Whitman pointed out long ago) to a force 
of ^attraction acting between the two bodies and another force acting 
upon one or both in the direction of the J^entre of the cell.” With regard 
to the attraction for each other F. R. Lillie (19) recently said that 
there is no basis in fact beyond the meeting of the nuclei which can 
equally well be explained on other more reasonable and less mystical 
grounds,” namely that as both sperm nucleus and the egg nucleus are 
in physiological relations to the same mass of cytoplasm which is pre- 
paring to divide, they must reach the same position of equilibrium 
within the cell and hence of necessity meet.” I cannot see that this 
explanation is any more reasonable until the mystical term “physio- 
logical relations’' is defined. One might reasonably ask w'hy do not all 
the sperm heads in polyspermic frog's egg meet the female pronucleus 
at the centre of the egg. Further Brachet ('17) has shown that in poly- 
spermic eggs of the frog where more than one hundred sperm heads 
enter, the sperm heads do attract one another, provided that they have 
not yet developed astral radiations. He also states that one condition 
for the union of the two pronuclei is that one, at least, shall be deprived 
of an active centrosome. The explanation of the copulation of the pro- 
nuclei that I give here is that, as the sperm nucleus develops its aster. 
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its eentrosomal force collects .material at the surface of the egg which 
exerts a repellent action on the centrosome, and so forces it to a centre 
of equilibrium in the egg. The sperm nucleus is held in the highly 
viscous zone of the aster and so dragged towards this centre. The female 
promicleus, which may or may not be attracted by the sperm nucleus, 
is dragged to the centre of the sperm aster, and so meets the sperm 
nucleus, by the centripetal currents in the astral rays as was described 
by Chambers (17). The female promicleus possibly is ndther attracted 
nor repelled by the centrosome but more probably it is comparatively so 
large and so lacking in rigidity that any force of repulsion or attraction 
would be masked by viscous friction and so the pronucleus would be 
passively drawn into the sperm aster. 

As to the nature of a centrosome Lamb makes no suggestion, — he 
merely states that the assumption of its being an oscillating body is 
“not even improbable.’’ The present paper deals only with the force 
ewruating from the centrosome. The question of its actual constitution 
is a totally different question and is, I think, one which cannot be pro- 
fitably^ discussed in the present state of our knowledge ^ However, 
Brachet (’17) states that the essential for the formation of an energid is 
not the centrosome — “C’est non pas te centrosome mais Tetat physique 
nouveau du eytoplasme de I’oeuf...” and further “nous ne voulons pas 
dire qxie le centrosome n’est rien...mais plutdt qu’il ne pent j oner gon 
r&le qua la condition d’un 6Ut d4termin6 du eytoplasme soit r<^alise. 
Peut-§tre le centrosome est-il toujours actif, mais le eytoplasme ne 
peiit-il repondre a I’attraction (?) exercee sur lui, que periodiquement 
suivant rythme en rapport avec son metabolisme.” This, I think, agrees 
completely with the deductions I have made from Lamb’s hypothesis. 
The visible activity of the centrosome, that is, its power of forming an 
energid, will depend on the physical state of the cytoplasm, this physical 
state being determined by the relative densities of its constituents. The 
apparent periodicity of the activity of the centrosome will be a result of 
the cyclic changes in the constitution of the cell cytoplasfn. 

^ It has been suggested to me that a case analogous to the hyiDothetical oscillation of 
the centrosome is to be found in the explanation sometimes put forward that ascribes the 
fluorescence of certain substances to a periodic tautomeric change in the molecules of those 
substances. Any activity involving periodic rearrangement of the atoms constituting the 
centrosome molecules might entail a corresponding variation in the field of force surrounding 
-- the centrosome. Such a variation might lead to volume changes sufficient to cause the 
oscillation supposed. 

ImPKRTAL Corj.EGK OF I^CIENCE AND TECHNOLOGY, 

South Kensington, 

12 , 1921 . 



H. Geaham Cannon 


77 


LITEEATUEE LIST. 

Bayliss, W. M., J919. “Second Report on Colloid Chemistry and its General and 
Industrial Application.” Brit Assoc. Pub. 

Beeozeller, L., 1917. “Zur physikalischen Chemie der Zellmembraii.” Biochmn, 
Zeit Bd. Lxxxiv. 

Bjerknes, V., 1900. Vorlemngen ilher llydrodynamimhe Fernkrilfte nach 0. ^1. 
Bjerknas^ Theorie. Leipzig. 

Boveki, T., 1887. “Ueber die Befrucbtung der Eicr von Ascaris megctloGephctlaP 
Sit'd.-- Ber, d. Ges. f. Morph, il Phys. Mimchmi^ Bd. iii. 

Bkachet, A., 1917. ViEaf et les Facteurs de VOntogmhe. Paris. 

Cattaneo, D., 1914. “ Ricerolie sulla struttura delP ovario dci luammileri.” Arch. 
ItaL di Anat. e di Embriol. Tom. xii. 

Chambers, R., 1917. “Microdissection Studies II. The Cell Aster. A reversible 
gelation phenomenon.” Jour. Eoopl. Zool. Vol. xxiii. 

— — . 1918. “Reports on Results obtained from Microdisseetion of certain Cells.” 
TfB, Roy. Soc. Canada^ Vol. xii. 

~ — . 1919. “Changes in Protoplasmic consistency and their relation to cell divkion.” 
Jour. Genl. Physiol. Yol. II. 

Conklin, E., 1912. “Cell size and Nuclear size.” Joicr. Eojpl. Zool. Vol. xii.^ 
Doncaster, L., 1920. An Introdimtion to the study of Cytology. Cambridge. 
Hartog, M., 1914. “The true Mechanism of Mitosis.” Aroh.f. Entio.-mech. Bd. XL. 
1913. PfohlGMs of Life and Reproduction. London. 

Hatschek, E., 1920. “ The properties of elastic gels.” Report of disoimion before 
Faraday Soc. and Physical Soc. London, Oct. 25, 1920. 

IlEltiBRUNN, L. V., 1915. “Studies in artificial parthenogenesis.” Biol. Bull. Vol. 

XXIX. 

— ^ — . 1920. “ An experimental Study of Cell-division, I.” Jour. Expl. Zool. Vol. xxx. 
— — . 1921. “Protoplasmic viscosity changes during Mitosis.” Jour. ExpA. Zool. 
Vol. XXXIV. 

Herlant, M. 1911. “ Recherches sur les oeufs di- et tri-spermiques de grenouilles.” 
Arch, de Biol. Tom. xxvi. 

Kite, G. L., 1913. “Studies on the Physictxl Properties of Protoplasm 1.” Anier. 
Jowr. Physiol. Vol. xxxii. 

Lamb, A. B., 1908. “A New Explanation of the Mechanics of Mitosis.” Jour. Expl. 
Zool. Vol. V. 

Lillie, F. R., 19^2. “ Studies of Fertilisation.” Expl. Zool. Vol. xii. 

. 1919. Problems of Fer'tilisation. Q)iioB>go. 

R. S., 1905. “On the conditions determining the disposition of the chromatic 

filaments and chromosomes in mitosis.” Biol. Bull. Vol. viii. 

Lubeord, R. J., and Gatenby, J. B., 1921. “ Dietyokinesis in Germ Cells.” Proc. 
i%. >Sb6*. Ser. B. Vol. xcii. 

McClendon, J. F., 1913. “ The Laws of Surface Tension and their appliccibility to 
living cells and cell division.” Arch. f. Ent%o.-mecli. Bd. xxxvii. 

Mathews, A. P., 1916. Physiological Chemistry. New York. 

Meek, C. F. U., 1913. “The Problem of Mitosis.” Q. J. M. 8. Vol. Lvin. 

. 1914. “ Metaphase Spindles in J . Af . 8 . Vol. lix. 



■f 


78 On the Nature of the Centrosonud Force 

Mevks, F-, 1912. “Verfolgung des sogenaniiten Mittelstiiekes des Echinidensper- 
miuins im befriicliteten Ei bis zum Eade der ersten Furcliuagsteiliing.” Arch, 
f. M%k)\ Anat, Bd. lxxx. 

pRENANT, A., 1910. ‘‘Theories et Interpretations physiques de la Mitose.’* Jour, de 
lAnat. Torn. XLVi. 

Robertson, T. B., 1913. “ Further Explanatory Remarks concerning the Chemical 
Mechanics of Cell-Division.” Arch, f, Entw.-mech. Bd. xxxv. 

Seipriz, W., 1920. “ Viscosity values of protoplasm as determined by microdissec- 
tion.” Bot. Gaz. Vol. Lxx. ^ 

— — . 1921. “ Observations on some physical properties of Protoplasm by aid of 
Microdissection.” Annals of Botany Vol. xxxv. 

Spek, J., 1918. “Oberflachenspannungsdifferenzen als eine Ursache der Zellteiliing.’’ 
Arch. f. Entto.-mech. Bd. XLiv. 

Thompson, D’Arcy W., 1917. On Growth and Form. Cambridge. 

Vejdovsky, F., and Mrazek, A. 1903. “ Umbildung des Cytopiasma wahrend der 
Befruclitung und Zellteilung.” Arch f. MiJcr. A?iat. Bd. LXii. 

Yatsu, N., 1908. “ Some experiments on Cell-division in the Egg of Cerehratukts 
lacteus.^^ A7motatwnes Zool. Japo'tienses.^ Vol. vi. 




THE INHERITANCE OF GLUME-LENGTH 
IN A WHEAT GROQQ {continued^ 


By F. L. ENGLEDO W 
(Plant Breeding Institute, Cambridge). 


CONTENTS. 

SECTION PAGE 

I. Introduction . 79 

II. The Objects of the Investigation . 82 

III. Procedure . . . . . . . . . . . 82 

IV. Tests of Purity of the Parental Forms and of one of the Extracts . 

V. The Inter-parental Factorial Di^erence in regard to Glume-Length 

and the Permanency of the Shifted” Values. . . . . 89 

VI. Straw and Endosperm in the Cross 94 

VII. The Nature of “Shift” 96 

Bibliography 100 


§ I. Introd'iiction. 

• 

The investigation here described was carried out in continuation of 
an earlier one [Engledow(l)] a brief resume of which is necessary. To 
ascertain the precise mode of inheritance of a measurable plant 
character two reliable pure lines of wheat were crossed and measure- 
ments of glume-length made in the parental and the successive hybrid 
generations. For the parents the average glume-lengths were about 
12*0 and 31*0 mm. respectively. One glume per ear was measured, the 
unit being 1*0 mm.: the satisfactoriness of this convention was tested by 
separate preliminary observations. Some sterility was encountered but 
its incidence in all the populations appeared to be fortuitous. 

For easy reference the following symbols were employed, and will 
again be used : 

P implies Polish (the one parent) or of Polish type. 

K implies Kubanka (the other parent) or of Kubanka type. 

I implies the heterozygote form of the hybrid generations and 
which, as later appears, is roughly speaking intermediate between P 
and\,'^f. 

^ For the earlier investigation see Bibliography (1). 
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Fq , F designates a population of pure “ parental ” Polish type. . 

Fi^ . Mp denotes the mean glume-length of an F^i . P population. 

Fi^ . GTp denotes the standard deviation of the glume-length frecpieiicy- 
distribution of such a population. 

To cope with the seasonal fluctuation of mean glume-lengths, F^^.F 
and were grown every year throughout the investigation. 

The plants were in appearance excellent ''blends” of the parent 
forms and the value of Fj.AIj was about 16‘0~18’0 mm. For F 3 the 
frequency-distribution of glume-length was very clearly trimodal and 
its form suggested simple segregation on the' 1 : 2:1 basis. Of the three 
types which might be presumed to constitute the F^ none, however, 
could be exactly like Fo , P for the upper limit of the F.j, distribution of 
glume-length was at 30*5 mm. whereas the mean of Fq . P was at 30*84 mm. 
Nevertheless, to the eye, the F^ was constituted by three types, one abso- 
lutely like F^ .K, one apparently “ intermediate ” between the parents, 
arrd'"^r"=^absolutely like . P though never attaining a glume-length 
greater than 30*5 mm. [In Po • P glume-lengths up to 40*5 mm. occurred.] 
It seerhed, in fact, that in F^ the "P” type was represented by a popu- 
lation of plants whose mean and fluctuation-ranges for glume-length 
had been " shifted ” down to a considerably lower value. By an empirical 
resolution of the P 2 frequency-distribution into equivalent normal curves 
corresponding to its three modes, a Mrly close approximation to a 1 : 2 .:! 
ratio was obtained. " « 

From every F^ plant an Pl. femily was raised, and by eye-judgment 
of these families the P^ plants were classified as homozygously P, horno- 
zygously K, or heterozygous, i.e. /. Repetitions of this sorting showed 
it to be a consistent process. Classification based solely upon measure- 
ment was the original intention but the phenomenon of " shift ” despite 
attempts along various lines, rendered this impossible. Sorting by eye- 
judgment of the Fs families gave the following proportions for the Pg: 
K: I :P = 23*65 : 55*39 : 20*95 (7o)* As in other investigations upon this 
cross which are cited, the facts suggest a one-factor difference between 
P and K for glume-length, the heterozygote being “intermediate” in 
general characters. On this hypothesis the progeny of the F^ . I (hetero- 
zygote) plants should consist of P, I, and JT plants in the proportion 
1 : 2 : 1 . As a fact these three types— and these only — were found and 
- the expected ratio was again fairly closely approached. The Pa.Pand 
P 2 .P population appeared, on selfing, to breed true. 

The numerical attributes of the populations into which Pg and P 3 were 
sorted more clearly disclose the state of affairs. They are given below, 
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their standard errors (in all cases satisfactorily small) being omitted for 
economy: 

Eo. If (1913) = 11*23 E„.P(1913) = 28*60 . I (1913) = 16*41 

{1914) = 11*70 (1914)=r30*84 . lex Ea . (1914) = 17*48 

Fa. (1913) = 11 *42 Fa . P (1913) = 23*18 

Fs.Fex Fa. F (1914) =11-98 Fg . P ex Fa . P(1914)=24’66 
F3.FexF2.I(1914) = ll*81 Fg. P ex Fa. I (1914) =24 ‘68 

It thus appears that the mean glume-length for P is in K ‘‘shifted’' 
down by 24*83 7o» Ibat the shifted value breeds true, and is again 
exhibited by . P ex Pg . /. For K a corresponding small upward shift 
seems to have occurred. An examination of a number of other inherit- 
ance results which are cited, points to shift ” as a fairly common 
phenomenon. “ Multiplying factors " have been suggested by some in 
explanation of the phenomena but no feature of these results appeared 
to lend any encouragement to that idea. 

A few other facts of the earlier investigation must be notice!;i<r€^rr^ 
length exhibited shift on lines precisely corresponding to the case of 
glume-length and a group of ten characters — five of the glume and five 
of the grain — behaved as “ genetic inseparables." They appeared to be 
controlled as a whole by a single factor. When shift in glume-length 
had been established, it was decided to follow the inheritance of some 
ojjlier and unconnected character- to see whether it displayed any 
abnormality. For this, solidness of straw was the best suited. P is solid 
(top internode), if is hollow, and in other investigations this character 
had presented a clear and simple mode of inheritance. Despite full 
observations in Pa Pg it proved to be impossible to ascribe the 
experimental ratio of straw-types to any factorial arrangement. That 
this complexity might be associated with shift in glume-length seemed 
sufficient ground for continuing the study of straw inheritance into 
further generations. 

When an^ Pi plant is self- fertilk^ one type of its zygotes is fac- 
torially identical (on the 1 : 2 : 1 basis here adopted) with those corre- 
spondingly produced by an Po.P plant. But the zygote formed upon the 
Pi is nourished by a plant factorially different from P^.P and of lesser 
general dimensions (rachis-length, etc.). A zygote, factorially P^ . P, 
may thus be supposed to become imperfectly developed since the mother 
plant is different from Po . P. It may consequently grow into an inferior 
“ shifted " plant. A population of such plants (Pg . P) will have a mean 
glume-length of value shifted below that of Po . P. Correspondingly for 
F. 2 .K an upward shift may be predicted. On these lines a crude 
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mechanical explanation of shift is presented. It carries many implica- 
tions and these— since no other explanation can readily be suggested— 
seemed to warrant further examination. 

§11. The Objects of the Irmstigaiion, 

These were directed towards the testing of the following matters : 

{a) The purity of type of the parental forms. Every feature of the 
growing and of the metrical attributes of Fo • h and . P in 1912-3--4 
fully supported the belief that these were, to the extent of possible 
determinations, pure lines. But since impurity in one or both of them 
might conceivably produce results simulating genuine shift, further 
tests seemed desirable, 

(^) The constancy of the shifted values in successive generations 
produced by the selfing of Pg . K, >I,F.. P and their progenies. One 
of the theory indicated at the end of § I is a progressive 
recovery from shiff 

( 7 ) 'The validity of the unifactorial difference for glume-length be- 
tween P and K for which the earlier investigation vouched. 

(S) The mode of inheritance of solidness of straw and its possible 
connection with shift of glume-length. 

(fc) The investigation of gmin-length was terminated with the P. 
as was that of K glume-length. These two attributes appeared to be- 
have in strict analogy to P glume-length but displayed far less propor- 
tionate shift. It was desirable to concentrate upon the clearest feature 
rather than to disperse observations upon four similar ones. 

§ III. Procedure. 

Up to and including the measurements of glume-length were 
made to 0*5mm. : but for statistical purposes it proved necessary to 
limit the number of classes of the distributions by regrouping into 
1*0 mm. classes. To this fact are due the fractional frequencies of Tables 
I — X. In P 4 and P 5 measurements were made to 1*0 mm. and corre- 
spondingly the frequencies of the Tables concerned (XI— XIX) are 
integral 

The method of sorting into types was that formerly employed. Every 
plant in every generation was classified as K, /, or P according to the 
progeny it yielded on selfing. If the progeny plants were all, to the eye, 
of K (or P) type, the progenitor plant was classified as K (or P) : if they 
^were of all three types it was classified as I (heterozygous). Further, to 
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test this eye-sorting, eveij generation was classified iniinediately after 
harvest and the result so obtained was compared with that derived from 
the progenies— the next generation. Exact agreement was in all cases 
recorded so that the classitying was as accurate as eye-judgment could 
ensure. Upon the first sorting, confirmed by examination of progenies, 
the data were grouped for the calculation of the mean glume-lengths of 
the various types. 
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A separate investigation [Engledow and Shelton (3)] had emphasised 
the importance of restricting observation upon cereal plants to popula- 
tions having a constant (the modal) number of tillers. In consequence 
this modification was introduced in the 1921 measuring (for F^), It is 
fully explained in connection with that generation. 

The Ej and populations were complete : that is to say every 
and in turn every F 2 plant was grown on. But a complete F 4 , — still more 
a complete F ^ — would have been so large that it could not have been 
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measured for glume-length in the time available. Consequently a partial 
F4 and a partial were grown, a course which naturally involved the 
selection of certain and F^ plants to the exclusion of the remainder. 
Such a selection, inevitable unless resources of time and assistance be 
very considerable, must, and in all similar work inevitably does, invite 
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criticism. The best that can be done in the circumstances is to furnish 
a detailed account of the method of selection followed. Eandom selection 
is; of course, essential. 

In 1919 the and parental populations were : 

Fq.P = 600 plants 

F,,P ex F,.P = 1054^ „ 

F,.PexFl,I = 818 „ 

F,,I ex F,. I == 580 „ 

The F(i . P plants had been serially numbered as they were measured 
and numbers 1-150 were used to supply seed for the raising of the 
1920 crop. Sampling was thus purely random. In the 150 families so 
raised there were 1205 undamaged plants, all of which were measured 
for glume-length. One family in every three was selected (Nos. 3, 6 , 9, , . 
making 50 families in all, and the first plant (i.e. the one which chanced 
to be No. 1 ) in every family furnished seed for the 1921 crop. This crop 
was sorted into groups according to the number of tillers per plauE" i’he 
modal number was two and, in conformity with the system elsewhere 
explained, the plants of the modal class, 171 in number, alone were 
measured. A modal sample of this kind affords a measurement of mean 
glume-length of low probable error despite the relatively small number 
of observations. 

• The population written as Fg . P ex P consisted of the descendants 
of Pg pl^iits which had been classed by eye as ''P” and subsequently 
confirmed in this class by examination of their Pg progenies. They were 
1054 in number and comprised 101 families. Families 5, 10, 15, ... 100 , 
i.e. 20 families, were taken and plants Nos. 1 , 2 , and 3 from every family 
were selected. From the 60 plants so chosen an P 4 (P 4 . P ex Pj^ . P ex Pg . P) 
of 671 plants was raised, all of which were measured. A repetition of the 
random selection process furnished a corresponding P 5 (Pj . P ex P 4 . P 
ex Pg. P ex Pg. P) the frequency of whose modal class was 194, the 
plants of this class alone being measured. 

For the remaining populations precisely similar methods were fol- 
lowed. The eye-sorting into AT, J and P types in eveiy generation was 
confirmed by the examination of the families yielded by the single plants 
of that generation, in the subsequent one. From the '' Key to Popula- 
tions (Diagram I) attached to the Tables may be seen exactly what 
populations were grown, the modes of their descent, the numbers of 
plants actually measured, their mean glume-lengths and the limits of 
their glume-length distributions. Full distributions are contained in 
TablesI— XIX. 
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I IV. Tests of Pm^Uy of the Pcmntal Forms and of one of the Ewtraets. 

No genetic investigation can be valid unless the homozygosity and 
singleness of type of the parent forms have been demonstrated. This is 
particularly the case Avhen a quantitative phenomenon such as ‘'shift '’ 
is in question. In some instances where the experimental character is a 
metrical one a definitely unimodal frequency distribution for a parent 
form is a sufficient guarantee of purity. But the work oT East (4) has 
proved the existence of numerous multiple factors governing a single 
character, and still more numerous and obscure “minor multiplying 
fectors ” are suggested by Belling’s ( 5 ) results. In a population con- 
sisting of two or more close genotypes, the frequency distribution for 
a metrical character might well he unimodal owing to the overlap of the 
two components. Actually, in the earlier investigation [Engledow (l), 
p. 121 ( 7 )] the distribution of the complete for grain-length was uni- 
was resolved into three components by the raising of a complete 
F:j). These considerations make it essential to conduct special tests of 
purity.* 

A cereal stock may be impure from various causes. The original pro- 
genitor seed may have been heterozygous, seed of a different pure line 
may have become admixed, and out-pollination may have 'bccurfed. 
Every circumstance of the successive growing-oh of the parental stocks 
is opposed to a supposition of impurity from any one of these causes so 
that it remains to make a definite metrical test. Conceivably a great 
number of multiple factors, producing individually a very small result, 
may be involved. Their veiy existence could readily be masked by 
fluctuations, and although it is safer to make a reservation concerning 
this possibility, nothing further can be done with them. Fluctuation 
and the limitations of statistical method make it possible to test only 
for an order of impurity which may be great in comparison with the 
inmginable effects of minor factors. 

The parental P stock was tested for purity in the following way. As 
explained in § III above, 150 plants (1 ear per plant) were selected at 
random and from these 150 families were obtained in 1920. If the 
parental stock were pure, then the standard deviation displayed by the 
family-mean glume-lengths of the 150 families should he practically the 
same as that calculated for the mean of a sample of one frmilv. For 
the calculation the formula would naturally be cr/fn where o' — standard 
deviation (for single plants) of the complete population constituted bv 
the 150 families and = size of a family. Clearly “ n ” will not be eon- 
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3 taut so that the harmonic mean of its values may be used. The number 
of plants per feimily has a range of 1 to 19. This is too wide to permit 
any number (harmonic mean or other) being fairly adopted as the 
'' number of plants per family ” in the evaluation of crlshi. Consequently 
the families lying between 6 plants and 12 plants per family were taken. 
They were 80 in number and thus distributed : 

Number of plants per family = 6 7 8 9 10 11 1‘2 

Niimbe*r of families =13 7 15 12 10 13 10 , 


The standard deviation of the means of these 80 fiimilies, calculated in 
the usual way, was 1*77 mm. For the single plants of the complete 
parental population the standard deviation was 4*316 mm. The harmonic 
mean (weighted) of the number of plants per family (for the 80 families 
lying between 6 plants and 12 plants) being denoted by H, calculation 


gives : 


1 

H 


0T1738. 



The standard deviation of the mean of a family of if plants, being de- 
noted by <j, is: * 


(4*316y^ 


H 


2*1865, 


cr = 1*48 mm. 


TJhis is the value to be expected on the assumption that the parental P 
stock is of one type. As shown above, the actual value is cr = 1*77 mm. 
Taking into account the sizes of the families and the other circinnstances, 
the agreement appears to be sufficiently good to justifj^ the conclusion 
that, in the light of this method of test, the parental P stock is of one 
type for glume-length. 

The following simple test may also be imposed. Between the means 
of groups of families, the greatest difference is : 

13 femilies each of 6 plants (= 78 plants) have jointly M ~ 29*91. 

13 „ . „ „ 11 „ (=143 „ ) „ „ ilf= 28*47. 

Difference = T54 mm. 

If the population be of one type only and the error of the difference of 
two such means be denoted by e, then: 

6‘^ = (4*316)nA^-fTiD^ 

.*. € = 1 * 686 . 

The greatest inter-gronp mean difference is thus less than the corre- 
sponding standard error of sampling. Purity of the parental stock is 
therefore confirmed by this subsidiary test. 
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Corresponding tests of parental K stock were made. The families 
selected lay between 8 and 16 plants per family, and were 100 in niimbei. 
Their mean glnme-lengths gave a standard deviation of 0*632 mm., the 
expected value for a family of plants being 0*371 mm. The differ- 
ence is considerable and demands examination. 

Let cTfi = value expected for a family of ''H” plants on the assumption 
of uniformity of type. 

<Tf = value found for the 100 families. 

CT-/" = — .iTg". . ■ 

Now <r/ = variance to be expected from the errors of sampling so that 
the residual variance, is the amount which has to be ascribed to 
special causes. Soil-differences constitute, in this case, a special cause : 
for all the plants of a family are grown in one drill (i.a in general, on 
one ‘‘ patch ” of soil). On that account it is to be expected that ay will 
exceed The value of ~ 0*512, i.e, about 4*5 7o mean glume- 

length. This value, examined in the light of, for example, inter-seasonal 
mean-differences, is not of great significance. Thus for parental K stock 
in 1914" the mean of 400 observations was 11*70 ± 0*04, while in 1920 
the mean of 1751 observations was 11*38 ± 0*03 — a difference of about 
2*8 7 o of the mean. 

In cases of this kind there is no obvious and precise criterion. It 
will be assumed that, having regard to the wdiole of the evidence, tfee 
parental K stock may be accepted as of one type. Admittedly the value 
of 0 *,. arouses misgivings, but it appears to be a matter of great difficulty 
to convert them into positive statements upon the impurity of the Fq . K: 
still more is it difficult to carry them forward into an exact criticism of 
the phenomenon of shift as described in the earlier investigation. To 
give the complete evidence has seemed the only course. 

At the time of the earlier investigation the purity of type of F 2 .P 
was tested on lines different from those above described, but the results 
were not then published. It is clear that if F^.P be of one genotype 
the differences observed among its individual plants are fluctuations, 
and will not be systematically transmitted when J" 3 .P is produced by 
self-fertilization. A test may be made by evaluating the coefficient of 
correlation between the Pg • pl^^-^-ts and their . P progenies. Two 

forms of correlation suggest themselves, viz.: (i) between the Fo glume- 
length and the mean glume-length of the P 3 family, and (ii) between 
the Pa glume-length and the glume-lengths of the separate plants of the 
Pt family, the Po value being entered in the correlation-table once for 
eveiy plant of tlie Py family. Calculation shows that the value of the 
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coefScient of correlation for method (i) = 0‘22 ± 0 * 09 . This value is low, 
and in terms of its own probable error not fully significant. Since the 
value of the correlation given by method (ii) will be still lower, it is 
concluded that, by the method employed, the singleness of type of . P 
has been demonstrated. 

§ V. The Inter-pai'ental Factorial Difference in regard to Ohms- Length 
Kind the Permcvnency of the '' Shifted'' Vahm. 

For determining inter-parental difference the familiar procedure is 
to classify the P, plants, obtain the ratio of the types, and then test the 
Pa classification by raising from every Po plant an P^ family. Though 
ordinarily satisfactory, this is inadequate here. The F^ comprises three 
types, two with strong general resemblances to the respective parents 
and one apparently an intermediate : the ratio is approximately 1:2:1. 
But in regard to mean glume-length the seemingly parental types differ 
quite markedly from the Po, i,e. they display shift.” Multiple-factors y)r 
some other complication may consequently be suspected. It is necessary, 
then, to carry the populations beyond the usual stage testing, in 
every generation, the ratio of types produced by the selfing of the 
'' intermediate ” class (heterozygous and denoted by I) and the fixity of 
type of all the extracts. The two required tests are intimately associated 
s^ long as the possibility of numerous multiple factors is admitted. But 
since the evidence of the earlier investigS^tion supported the simple hypo- 
thesis of a one-factor glume-length difference coupled with a permanent 
(though inexplicable) shift, it seems better first to test this explanation. 
Subsequent search can be made (§ VII below) for multiple factors. It 
is not inconceivable that numerous minor multiplying factors ” are 
operative in such a manner as to produce, by the overlap of distributions, 
a good simulation of unifactorial effect. 

First, then, must be considered, the actual ratios of the K, I and P 
types in the progenies of populations classed as I (and therefore re- 
garded as heterozygous). These were as shown below, the first line 
giving the percentage of the type, the second the observed deviation 
from the simple expectation [25 7o • ^9 7^ : 25 °/f\y and the third line 
the standard error attributable to sampling. 

Unfortunately the record of the progeny of . J has been lost, and 
since, as explained in | III (above), the complete progeny was not grown 
on, it was impossible to deduce the facts from the P4 records. Actually 
the ratio in question was a closer approximation to 1:2:1 than any 
of those given above. In the absence of the facts this evidence, furnished 
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simply from inemorj?, can do no more than to suggest that the data 
actually given deserves its full face- value. Bearing in mind that the 
errors of sampling (third line of each row of the table) are standard 
errors, it may be observed that of the nine ditferences from expectation 
involved o are less than the relevant error, 2 lie between 1*0 and 2*() 
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times the error and 2 between 2 0 and 3*0 times the error. None there- 
reaches 3*0 times the error. The most suspicions deviations are 
exhibited by the progeny of Fi.I. Thus on the whole there is statis- 
tically satisfactory agreement with the 1:2:1 expectation which 
implies a unifactorial difference between the parents for glume-length. 
It seems proper to observe that statistical guarantees are not, with 
absolute invariability, biologically acceptable. A published instance 
[Engledow (6)] illustrates this. This reservation applies in principle, 
however, to the generality of*Mendelian results, and has no special 
significance in the present instance. 

In some other investigations upon glume-length inheritance, the 
strain of here employed was a parent. The results deserve notice 
in so far as they bear upon the validity of the 1:2:1 ratio. Biffen (7) 
made reciprocal Polish x Rivet crosses. The F^ glume-length distribution 
fell into three groups so sharply separated that the frequencies could be 
determined without further analysis. In percentages they were : Rivet- 
type : Intermediate : Polish Type = 25*04 : 51*09 : 23*87 in one direction 
and 24*48 : 52*36 : 22*78 for the reciprocal. Backhouse (S), for the F.^ 
of the Polish x Kubanka cross, experienced difficulty in separating the 
constituents of the glume-length distribution. He derived the ratio 
K : I + P = 1 : 3*13. Caporn (9), in the case of Polish x Eloboni, con- 
cluded that three types segregated in #2 and that the ratio was 1:2: 1. 
His F 2 was of 183 plants only. These results naturally do not direct!}^ 
support the conclusions for the Polish x Kubanka cross which is under 
consideration. That they are in harmony with those conclusions is never- 
theless important. 
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The values for every population are in vertical order : Mean glume-lengths — ^pribable error of mean-— number of observations 

lower limit of distribution— upper limit. 

The Boman Numerals indicate the corresponding tables of frequency -distribution of glume-length. 
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Consideration must now be given to the mean values of glume-length 
in the various P-extracts of the successive generations. Measurements 
of were not carried on beyond for reasons which have been giveiij 
so that extracts of this type receive no further notice. A general in- 
spection shows that in all cases (see Diagram I) the probable error of 
the mean is relatively small : it follows that the number of observations 
was adequate throughout. Wide differences in the upper and lower 
limits of range are displayed, but these do not signify. The larger the 
sample; the wider does the range of distribution in general become. A 
striking feature is the seasonal fluctuation of Fq . P. This is evident in 
Diagram II, where the annual mean values are expressed in terms of 
the lowest (1921) as 1000. Presumably the very low value reflects the 
effects of the prolonged drought of that year. The extremes of inter- 
season difference are roughly 3 and 15 of the mean. It becomes 
necessary, for comparative examination, to express the mean value of 
e\^ry extract in terms of the mean of Fq . P for the year concerned taken 
as 1000. This is done in Diagram II which, in form, corresponds to 
Diagrain I : its mean values may be called “ corrected means.” 

DIAGRAM II. 
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For i't , P the annual values of mean glume-iengtli are given in terms of the 1921 
value as 1000. 

For all the extracted populations the mean is given in terms of the mean of Fq . F for 
tlie year concerned as 1000. 
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The 1 extract (interniediate and, from the conclusions of | IV, 
heterozygous) remains singularly constant from generation to genera- 
tion, the difference in corrected means being only 1*2 Fi*om this it 
is inferred first that the unifactorial difference of the parents is substan- 
tiated : and further, that a stable condition is reached in Fj and persists 
at any rate to Fg. There is no repetition of shift ” at /-plant zygosis 
after Fi,J. Measurements of (1920) were not made because of 
the time required for the 7000 measurements made in that year on 
other extracts. 

Broadly speaking, the whole of the P extracts (F^ — Ps) ef Diagram II 
centre round the value 800. As a group therefore they display a “shift” 
from Fq.P of 200 , 20 7 o F^.Mp which, whatever complications 

may later appear, is a highly significant effect. For a single generation 
the greatest difference between the means of two extracts is that shown 
in P 4 , concerning which the facts are : 

Niiiaber of 

Extracts P=1(»0) j¥ actual o- Observations •• 

Fi.PexFs.I ... 768 22-63 4-158 119 

Fi.Pexi\.Pexl'2.P 820 24-15 3-410 &71 

Assuming that the two extracts are of the same genotype, the standard 
error of the difference of their means^using or and number of observations 
given above) is 0‘403. The actual difference is 24T5 — 22’63 = 1*52, 
which exceeds three times the standard error. It will be seen, however, 
that even if the extracts be of the same genotype, the test imposed on 
the difference of means is very drastic. It makes no allowance for the 
fact that the extracts were grown on different areas of ground. For 
the test to be a fair one, the two extract-populations should have been 
mingled or in some manner fairly dispersed over the same area. The 
other considerable inter-extract difference (838 'x/ 801 in Pg) is within 
satisfactory range of the appropriate error evaluated as in the former 
case. Inter-seasonal fluctuation is shown by thePo.P means to be very 
marked and therefore, in principle, considerable inter-soil-area effects in 
one year may be expected. If this be accepted as a counter-balance to 
the discrepancy (deviation from error attributable to sampling) which 
has been pointed out, the conclusion must be that all the P- type extracts 
of Diagram II are of one genotype. Coupled with the validity of the 
1 : 2 : 1 ratio, this is a confirmation from the observation of P^ and Pg, 
of the deductions from the earlier investigation : “ Either P or K pos- 
sesses a factor for glume-length which the other lacks and the hetero- 
zygote is, broadly speaking, intermediate between the parental forms... 
the parental P does not re-appear in P^. In its place are found P plants 
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which closely resemble in general appearance, but whose mean 

glume-length is more than 20 lower than that of . P . This ^‘shifted 

form, Avhen selfed, breeds true/’ It wdll be recalled that the purity-test 
of . P described in § IV (above) is an additional confirmation. 

The implications of the crude explanation of shift ’’ suggested in 
§ I {supra) are in harmony with the trend of the values of Diagram II. 
But they relate to the behaviour of shifted values in the^repeated pro- 
pagation of homozygous extracts, and are therefore relegated to a later 
paragraph, 

§ VI. Strww and Endosperm in the CSvss. 

In the earlier investigation it appeared to be desirable to study the 
mode of inheritance of the straw. One parent (P) has solid straw, the 
other hollow. Three types were found in F^, the analogues of the Fo forms 
and a semi-solid or intermediate. By inspection of the families it was 
l^ossible to grade the F^ plants as H (homozygously hollow like Fq.K), 
S (homozygously solid like Fq»P), and HS (semi-solid or intermediate 
and, a.^ the progeny showed, heterozygous). For the complete F^ so 
graded, the ratio (H + MS): S was sharply 3 : 1 but the ratio M : HS: S 
had varying values for Ps *K, F^^. /, Pg . P and Pq (if -f J + P) none of 
which was a good approach to 1:2:1. In addition to this peculiarity 
was' the fact that of a group of other results on glume-length inheritance, 
one alone gave no evidence of '^shift ” [Biffen( 7 )] and this was the only 
one in which both parents had solid straw, the other crosses haying been 
Hollow and Solid [Backhouse(8), Caporn ( 9 )]. The intrinsic complexity 
and the speculative possibility of its association with shift, prompted 
further prosecution of the question of straw-inheritance. Additional 
data afforded by F^ and P5 failed to cast new light upon the i 7 : HS :8 
ratio. It fluctuated considerably as in P3 and P.. Moreover, the 
{E -{-MS): S ratio in the populations derived from P^ . J, P3 . and 
P4. J was less definitely in agreement with 3 : 1 than in the Pa. A com- 
plicated mode of inheritance seemed still possible : but it had also become 
apparent , that the differentiation of the if and MS types was often 
arbitrary. This led to investigation of the more precise nature of solid- 
ness” and ‘"hollowness” of straw. The customary method-examination 
of the top internode at a few inches below the ear — proved unreliable 
in the case of poorly developed plants. It was necessary to examine 
every internode. Observation on this basis was therefore made 011 the 
P4 but again consistent results were not obtained. To gcxther further 
experience of straw-characters two other suitable crosses, which happened 
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to be available, were studied. One was Polish x Rivet in which both 
parents are solid in the ‘dieck” (t.e. just below the ear) but Polish 
remains fully solid almost to the base of the first internodc at which 
point Rivet is only “ half-solid.’’ In the four degrees of solidness 
appeared — the two parental, more solid than either parent, and less 
solid than either parent. Grouping these degrees singly as H and S 
the clear-cut 3:1 ratio established by Biffen(7) was obtained. The 
second cross was Rivet x Chinese White (i.e. T. turgidum x T. milgare) 
of which the second parent has, relatively speaking, clearly hollow straw. 
A type more solid than Rivet was found in F., but for the simple li : 
ratio a value close to 3 : 1 was found. It is to be expected that solidness 
of straw is not morphologically a simple character, Not only the presence 
of a greater or less amount of ‘‘pith” but also the girth and other 
characteristics of the surrounding wall of the straw, must determine the 
relative solidness. This was clearly seen to be the case on close inspection 
of the plants of the jK,’s in question. Thus the unexpected types fbuml 
in the F^^ of these crosses and the inconstancy of the ratios exhibited 
by the several generations of the Polish x Kubanka cross, seeili attri- 
butable to the complex nature of “solidness of straw.” Finally, for the 
extracted populations of F4 and e.g. F^ . P ex P4 . P ex Pj . P ex F^ /, 
the mean glume-lengths for the S, H, and HS sub-types were determined. 
Life no case was a significant difference found. It is concluded therefore 
that straw -inheritance in the Polish x KiAanka cross possesses no feature 
of special interest and none which bears upon “ shift ” in mean glume- 
length. 

The endosperm in inheritance was a side-issue of the earlier 
investigation. Jensen (2) having now demonstrated double-fertilization 
ill wheat, it is of great interest to tiy to harmonise observations upon 
hybrid endosperms with the corollaries of this observation. The first 
corollary is that the grains borne by an Pi plant (and similarly by an 
Po . /, etc. plant) are a generation ahead of the plant itself. Thus, 
among them, three types of endosperm should occur for the P x J{ cross 
corresponding to the three types of embryo. If formative significance 
attaches to the “double-close of femaleness” in the fertilized endo- 
sperm-nucleus, then, as a more refined corollary, four endosperm-types 
should exist. Measurement of the grains borne by F 2 .I plants gave 
evidence of one type only. Overlap of distributions might obliterate 
the existence of four component types if these had close mean- values. 
Consequently extensive measurements of length were made upon the 
grains borne by P3./ plants, but again there appeared to be but one 
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length-type. Attempts on various lines were made to analyse the com- 
plete Fs .1 grain population into types, e.g. growing-on grains of observed 
length to find out the genetic constitution of their enibiyos so that 
mean grain-lengths corresponding to the three embryo types might be 
found. Negative evidence only was obtained, and it was clear that no 
really significant evidence of any kind could be secured save by a very 
big series of observations — as big perhaps as the whole of the rest of 
the investigation. In the circumstances the maternal nature of the 
endosperm is still presumed but no suggestion can be proffered for the 
harmonisation of this view with triple-fusion. 

This interesting feature of the wheat-endosperm was pointed out by 
Biffen in 1905. Since then it has appeared in many wheat crosses and 
affects a wide range of characters. Two series of crosses alone bear 
any trace of being exceptional. In T, turgidiim x T. vulga're crosses 
the Fi plant bears perfect, wrinkled, and completely shrivelled (non- 
germinable) grains. Further study is necessary, however, before this can 
be accepted as a divergence from singleness of type in the special sense 
we are"* considering. Again, the jPj plants of TAiirgidum x T. diirwm 
may bear grains which are ''vitreous'’ (like T, durwn), all "starchy” 
(like T. turgidiim), or "mottled” (starchy and vitreous in patches). But 
here, too, caution is necessary : for occasional grains of T, durum may 
be mottled or even starchy. In inheritance, the endosperm of wh<^at 
remains an interesting enigma. 

The Natmre f Shiftr 

It is by no means uncommon to find the frequency distribution of a 
character in the F^ of a cross, passing beyond the extreme limits of the 
two parents combined. Or, by contrast, in other cases the limits of F 2 
range may not reach even the mean values of the parents. In both these 
sets of circumstances it is generally accepted that the character concerned 
is governed by several factors, called then "multiple factors.” To the 
extent to which hypothetical Mendelian factors in general can be 
reasonably imagined, it is not very difficult in many of these cases to 
conceive the possibility of 2, 3, or even 4 factors aU controlling a 
single plant "character.” To varying degrees in a number of crosses, 
the breeding of partial ... generations has supported the multiple- 
factor hypothesis. This hypothesis evades stringent tests because of its 
elasticity. The number of factors and their individual potencies can be 
endlessly varied, and thus made to meet a great diversity of observational 
^requirements. But the more numerous the stipulated factors, the more 
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numerous must be the observations required for the proof of their 
existence. It is perhaps not unduly cautious to say that investigations 
relating to multiple-factor inheritance have so far indicated rather thar 
demonstrated the existence of such factors. In regard to some investiga- 
tions the indications are exceedingly strong and the multiple factor hypo- 
thesis must be accepted because it is by far the simplest in the particulai 
circumstances. But a possible alternative appears to exist. Though its 
application may be limited it is, if substantiated, of great importance 
Castle’s much debated work on rats prompted the idea of the “ modifica- 
tion of unit characters by selection”: and Gates (10) in 1915 was led 
to insist that in the events following crossing, gametic purity was not 
always to be expected. The non-committal word ‘‘shift” was adopted 
in an earlier publication [Engledow (1)] to meet the requirements ol 
the Polish x Kubanka cross. In this cross it was found impossible to 
devise a suitable multiple-factor explanation. Other cases were cited 
{loc. cit p. 118) in which “ shift ” seemed equally to have application. 
A few more might be given and particularly some of qualitative 
characters in wheat. Thus Biifenin the Polish x Rivet cross found that 
the characteristic “ grey ” of the Rivet chaff never again appeared even 
up to J'fi. The use of the term shift in no wa}^ militates against the idea 
of multiple-factors — it is no more than a reservation to secure further 
attention to certain crosses in which a separate phenomenon may possibly 
be displayed. . 

The apparent instances of “shift” already mentioned, seem at first- 
sight to, demand a multiple-factor explanation. For the thorough testing 
of such an explanation it would be necessary to raise very great numbers, 
of separate families in F3, F4, J'g... so that the gradual separation of 
distinct homozygous strains could be demonstrated. If even six factors 
were involved the work would be almost endless : and further, if the 
factors each produced a small effect, inevitable fluctuation might make 
it impracticably difficult to separate two types differing by only one 
factor. In the circumstances, therefore, the best procedure is perhaps 
to test the “ shift ” explanation upon an accepted multiple-factor case 
and conversely. The Nicotiana crosses of East (4) are one of the best 
examples of careful multiple-factor explanations. If it be assumed 
that the parents differ by but one factor, it must be said that his 
family 1—1 corresponds to the Fg . J of Polish x Kubanka. Families 1 — 2, 

1 — 3, 1 — 4, and 2— 5 correspond to jFg . jK’ and display upward shift : 
while 2 — 1, 2— 3, 2— 4, and 2 — 6 correspond to jFg .P and display down- 
ward shift. His only four in number, his Pg but two. 

Joum. of 0en. xm 7 ^ * 
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More would be desirable, but at any rate- these show a distinct rise in 
mean values above the Fg families which he grew. If shift be permanent 
(mcZe § V then it has no application to East’s results. As is 

briefly indicated below a recovery from shift maybe predicted from a 
very crude theory as to the nature of shift but insistence upon this point 
is not warranted. East’s work falls short of a thorough vindication of 
the existence of multiple factors but it points to such an explanation 
rather than to. shift. In the absence of more data nothing further can 
be said. The multiple-factor explanation has now to be applied to a 
case reserved under the name of ** shift” for which Polish x Kubanka 
will serve. 

A distinctive method was followed in this investigation. The 
plants were classified by eye as K, I and P (confirmed by P3 progenies) 
and for this reason direct comparison with results such as those of East 
is diflScult. It is necessary to consider the salient features of the results 
which proceeded from this method — a 1:2:1 ratio in the progenies of 
successive I populations, and a constant value of Mx {Me § V supra). 
It maybe supposed that these features represent the combined working 
of a principal factor (A) and a minor factor (P). The eye, unable to 
appreciate small differences, might sort the main A types in a population 
bred from J plants and simply disregard the subtypes representing 
varying superposed B effects. Such an assumption accords with the 
distinct trimodality of the ^2, of the complete progeny of 
For example, if the parents were Fq . K = aabb F q. P = AA BB then the 
eye-determined F^ . P population would be A A {BB + 2 Bb + 66). Shift 
in F^ . P and F2 . K would be expected in the directions actually observed. 
But there is an obvious difficulty, for the Fq ^P type should constitute 
25 % of F2.P, and clearly this was not the case. By postulating more 
factors ( 7 , P, . . . , and perhaps ascribing certain selected glume-length 
potencies to them, the possibilities of explanation are readily enlarged. 
Suitable postulations might account for the constancy of Jfj, but there 
remains the range of variation of the successive types, e.g., F^.P ex 
JP4.P ex F^.P ex F^.Iy etc. {vide Diagrams I and II). With several 
factors B, ( 7 , P... the limits of total range, <7, and F(=cr/ilf) would 
progressively alter. The form of the progression may, of course, be 
calculated for specified factorial arrangements. Actually there is no 
evidence of progression. Such differences in value as occur are irregularly 
distributed. It therefore appears necessary to seek a more elaborate form 
of multiple-factor explanation for these results. Several different theories 
were attempted. By assuming the occurrence of principal and minor 
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factors {vide supra), of “ additive ’’ and “ mnltiplicative ’’ factors and so 
on, numerous possibilities were opened. Since none of these, however, 
could be brought into harmony with the observed facts, it is needless to 
discuss them. It is concluded that there is still considerable presumptive 
evidence of the existence of a phenomenon not attributable entirely to 
multiple-factor effect and whose form is illustrated by the instances to 
which the term shift has been applied. 

The developments of the chromosome theory suggest possibilities 
which might apply to otherwise unaccountable cases of shift. At present, 
however, the chromosome numbers of Fq,P and Fq.K have not been 
determined. As indicated in § I an explanation of shift may be based 
upon the assumption that the development of a zygote is dependent 
upon the genetic constitution of the mother plant. Thus F ^ , P plants, 
developing from zygotes formed upon Pi.J plants, will be impoverished 
in comparison with genetically identical zygotes borne by Fq\P plants. 
The impoverishment might find expression in a downward shift of the 
mean glume-length of the F ^ . P population. In such an idea there are 
several implications. For example, the* Pi plants from reciprocal P x K 
crosses might be expected to differ in mean glume-length. In connec- 
tion with the mean values of Diagram II it may be noted that a '‘recovery 
from shift ” is to be predicted. The F^ . P plants are genetically identical 
with Fq . P and though of a smaller mean glume-length, may be expected 
to bear better-nourished zygotes than those of P type which are pro- 
duced on Pi. J plants. Consequently the mean value for Pg.P ex P 2 .P 
should exceed that of Pg, P. In other lines of descent similar evidence 
of “recovery” is to be anticipated from this argument. The sequence 
of the right-hand column of Diagram 11 is at first sight suggestive in 
this connection, but, as the discussion of § V (supra) makes clear, the 
differences constituting the sequence may be attributable to errors of 
sampling. 

The existence of shift as a phenomenon distinct from multiple-factor 
action remains, after the experimental work here recorded, a matter of 
uncertainty. Apart from the bare fact of occurrence, the same may per- 
haps be said of multiple-factors even in such careful investigations as 
those of East. The data presented in Diagram I represent over 10,500 
measurements of glume-length. M subsidiary measurements had to 
be made and these, together with grain-length observations, make a 
total of nearly 30,000 measurements. These numbers prompt a specu- 
lation upon the probable experimental requirements of an endeavour to 
repeat the investigation on such a scale as would be likely to settle the 

■■V-vV 
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true nature of shift. Breeding would probably have to be continued 
to J^8. If several multiple factors be responsible for the effect and if 
these have all about the same influence on glume-length families 
(single plant progenies) would have to be kept separate in every genera- 
tion. Now if the average strength of a family be ten plants, a single 
plant would yield 10,000 families. It would be useless to grow and 
measure one such set of families, e.g, from mi plant.^ For if con- 
stancy were obtained throughout, the fact might represent shift of a 
permanent nature, or it might simply imply that multiple-factors were 
present, the selected F^ plant being by chance homozygous for all 
fectors. To carry on five or six F^ plants would suffice, but in every 
generation some of the progeny would have to be eliminated. Elimina- 
tion would have to be very carefully systematised to guard against bias; 
and so arranged that the critical Fa means were based on populations 
of sizes adequate to reliability. 

Most of the work of 1920 was carried out by Mr I. G. Hamilton, 
a Eeseafch Student of the Empire Cotton Growing Corporation, whose 
help is gratefully acknowledged. 
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Introduction. 

THEdata discussed in this paper have accumulated in thepast 19 years.- 
During the earlier part of this period, 1904-1909, Mr Bateson and I 
were working more especially upon what we then termed “ coupling and 
repulsion in sweet peas. The discovery of groups of characters shewing 
this phenomenon of linkage suggested that a further study of the subj ect 
was likely to be of interest in connection with the much discussed 
possibility of the location of genetic factors in the chromosomes. Though 
we failed to devise any explanation of linkage in terms of chromosomes, 
and eventually put forward the hypothesis of ''reduplication,” we felt 
nevertheless that a thorough analysis of the sweet pea ought to be 
undertaken. The object of this analysis was to decide whether the 
number of characters, or groups of characters, shewing independent in- 
heritance was greater, equal to, or less than the haploid number of the 
chromosomes. 

At the time we decided to undertake this analysis we h‘ad, in addition 
to the characters belonging to the two linkage groups already found, 
several others of which the simple recessive nature had been demon- 
strated. And we knew also of further characters which promised to be 
of assistance in the undertaking. Moreover we had ascertained from 
Mr R. P. Gregory that the haploid number in Lathyrus was almost 
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certainly 7, a point eventually confirmed by Winge in 1918. In 1909 
Mr Bateson left Cambridge, and the continuation of the sweet pea work 
devolved upon me. Soon after this the advent of Drosophila brought a 
definite answer to the question we had set out to attack. The brilliant 
researches of Morgan and his colleagues shewed beyond a doubt that 
the number of the linkage groups was in this case the same as the 
haploid number of the chromosomes. Though for many, the matter 
appeared to be finally settled, I decided to carry on with the programme 
of the sweet pea work, especially as it seemed at one time not unlikely 
that the number of independent groups of characters might prove to be 
greater than that of the chromosomes. But during the past summer 
several fresh linkages were discovered, and although the number of 
apparently independent groups at present stands at 8, the data available 
are not in all cases sufficient to preclude the possibility of a low grade 
of linkage*^ between certain of them. Some of these I expect to test 
fufther in the near future ; and I have also started experiments with 
other characters which I hope to work into the general scheme. Some 
years must, however, elapse before I can accumulate the necessary data, 
and I feel that the present juncture is a convenient one for taking stock 
of the position. Though the question we set out to answer cannot be 
regarded as finally settled, I have nevertheless come to the opinion that 
the number of linkage groups Lathyrus will eventually be found iSb 
correspond to the haploid number of the chromosomes. 

Material, 

The account given below deals with seventeen pairs of characters 
shewing normal Mendelian inheritance, of which ten have already been 
described in earlier papers. In the following notes on these characters 
I have adopted a system of symbols differing from that previously used. 
The factors in the same linkage group are now denoted by the same 
letter, the separate factors being distinguished by a numeral. Thus A^, 
A^, A'^ are three distinct factors shewing linkage with one another, while 

B2, B^ are also three factors in the same linked system. But, so far 
as is known, no member of the A series shews linkage with any member 
of the B series. In each case the dominant character of the pair is given 
first. 

(1) Purple, A^ — Red, b} (= B— b of earlier papers). This was one of 
the first pair of characters worked with. There are, of course, numerous 

* I.e. wliere the number of the crossovers is nearly as great as the number of the non- 
crossovers. 
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shades of purples, corresponding to each of which is a shade of red. 
Owing to the fact that some of the other factors used are modifiers of 
flower colour I have rarely made use of any but deep colours. In these 
the dominance of purple, as judged by the eye, is complete, and it is 
not possible by inspection to distinguish the homozygous from the 
heterozygous individuals. 

(2) Long •pollen, — round pollen, a® (= L— 1 of earlier papers). 

(3) Erect standard, A^- — hooded standard, (— E — e of earlierpapers). 

(4) Dark axil, — light axil, (= D— d of earlier papers). Though 
usually quite distinct and easily classified, the dark axil is relatively 
pale where the flower colour is blue or blue-red. With care, however, I 
have not found these cases to present any difficulty. 

(5) Fertile anthers, — sterile anthers, (== F— f of earlier papers). 

(fi) Normal flower, cretin flower, b*^ (= N— n of earlier papers). 

(7) Tall, E— Cupid e (= T — of earlier papers). 

(8) Colour, — J?-white f ^ C — c of earlier papers). This is the 
white originally, found in Emily Henderson with round pollen. That 
association was, doubtless, accidental. In our explanation of the appear- 
ance of the reversionary purples from a cross between the white Emily 
Henderson with round pollen, and the white Emily Henderson with 
long pollen, we denoted the two postulated complementary factors by 
C and R. Hence the use of the terms '‘iJ- white'" and “ (7-white 
(cf. (10) below). For by i2-white” we denoted the white which carried 
the factor R, and by “ (7- white ” the white, viz. Emily Henderson with 
long pollen, which carried the factor C. 

(9) Procumbent, F^ — bush, f ^ (= P — p of earlier papers). 

(10) Colour, G^—O-white, g^(= R—r of earlier papers). 

All of the above ten pairs of characters have already been described 
in one or other of Reports I— IV of the Evolution Committee to the 
Royal Society. The remaining seven pairs, of which brief notes are now 
given, have not hitherto been mentioned in the course of this work. 

(11) Hairy, C — glabrous, c. This glabrous form I owe to the kind- 
ness of Mr T. H. Dipnall, who found it in his cultures and was good 
enough to send me some seed. The stems are quite smooth, lacking the 
short stiff hairs which give a rough feel to the stem of the normal sweet 
pea. The difference is most noticeable in. the very young pods, which, 
in this variety, are devoid of the silky hairs so characteristic of the 






Fig. 1. Two immature pods, the ui^per hairy, and the 
lower glabrous. 


Fig. 3. Small plant of form intermediate between 
tendrillar and acacia forms. 
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normal form. The glabrous character of the pod remains a striking 
feature throughout its growth (c£ Fig. 1). Glabrousness proved to be 
a simple recessive, and, being a structural feature, has proved of great 
service in the experiments, 

(12) Tendril, D^—acacia, db The acacia-leaved sweet pea was 
originally found by Mr Unwin, the well known expert on sweet peas, 
and was first grown by us in 1909 from seed which he kindly gave us. 
As illustrated in Fig. 2 its peculiar feature consists in the place of the 
tendrils being taken by leaflets. So far as my experience goes, the lack 
of tendrils is complete, for I have examined considerably over a thousand 
of these plants without finding any that shewed a tendril. The case is 
of some interest as being one of the few found in Lathyrus in which 
dominance is generally incomplete. plants from acacia x tendril have 
always shewn an occasional leaflet replacing a tendril (cf. Fig. 2), while 
in Fg, besides normal tendrils and acacias, intermediates of various 
grades generally occur. But in all of these various intermediates I have 
never seen any of the tendrils beyond the basal pair transformed into 
leaflets. In a low grade intermediate, such as a normal plant, only 
an occasional basal tendril is transformed : in a high grade intermediate 
most of the pairs of basal tendrils throughout the plant are transformed 
into leaflets (cf. Fig. 3). Such high grade intermediates I have found 
always to be heterozygotes, throwing tendrillar plants, high grade in- 
termediates and acacias in the ratio 1:2:1. In such families the 
tendrillar plants nearly always shew an occasional extra leaflet. From 
this, and from other experiments, I think it probable that in this case 
we are probably concerned with two factors. Where we have the clear 
cut 1:2:1 ratio we may suppose that we are concerned with a factor 
T, Tt plants being high grade intermediates, and tt plants acacias. To 
explain the other, grades of intermediates we may postulate the existence 
of a factor, I, which intensifies the tendrillar character when T is present, 
but has no effect upon the acacia itself. Normal pure tendrillar plants 
contain both T and I. Hence the low grade intermediates in Fj, as well 
as the range of intermediates in F^. At this stage, however, I do not 
wish to insist upon this interpretation. The point of importance here is 
that the full acacia is always unmistakeable, and always behaves as a 
simple recessive, whatever the grade, or grades, of the accompanying 
intermediate heterozygous forms. 

(13) Bright flower colour, D® — dull flower colour, d^. To the bright 
series belong the normal purples and reds, those of the corresponding 
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recessive dull series being blues and blue-reds. In the deeper colours 
the bright and dull series are perfectly distinct. A blue such as Lord 
N elson ^ ” is the dull form of the deep purple recorded in our earlier experi- 
ments as '‘Duke of Sutherland f/* which itself is the hooded form oi Ppw% 
(= purple with purple wings). Among the reds the two series are equally 
distinct, the bright red formerly known as '' Miss Hunt§’'being represented 
in the dull sepes by the type shewn on PL III, fig. 5. It should be 
mentioned that this pinkish mauve colour can be closely matched by 
plants which are genetically purples For instance the Fi ex “ Countess 
Radnor” x "Barbara” is not dissimilar, though both of these belong to 
the bright series, and "Countess Radnor” is genetically a purple. But 
such cases of resemblance are only to be found among the paler forms of 
purple : in the deeper colours, which alone have been made use of in these 
experiments, the distinction between the bright and the dull series is 
never in doubt. 

(14) Self-coloured, F^— marbled, P, Corresponding to each self- 
coloured form is a recessive one in which the colour is broken., up by 
finely divided white " marbling.”. The general appearance of these 
marbled forms is well shewn on PL III, figs. 1 — ^4, which represent the 
marbled forms of blue, red, deep purple, and blue-red respectively. The 
blue marbled (Fig, 1) corresponds closely with the horticultural variety 
known as " Helen Pierce,” in which forni the marbled character was 
originally introduced into these experiments. The marble form must 
not be confused with the flaked sweet peas such as " Senator ” or 
" America.” The older flowers on a marbled plant often display coarser 
and more blotchy markings, which can be closely paralleled by flowers 
from the flaked varieties. There is however a constant point of difference 
between the two, for in a marbled form the keel and the under surface 
of the wings are white, while in a flaked form these structures always 
shew’ some colour, at any rate in the darker shades with which alone I 
have worked. 

Another peculiar feature of the naarbled form is that it always shews 
the light axil. It can, however, carry the dark axil, as I have proved by 
a series of appropriate crosses. In this respect it resembles the two 
forms of white ((8) and (10)). 

An interesting feature in the genetics of marbled is its relation to 

* Figured in Journal of Genetics, VoL xii. PL XXI, fig. 3. 

t IB'igwced. in B&teBon^B MendeVs J^rimiples of Heredity, PL V, fig. 8. 

X Figured in MendeVs Frinciples of Beredit't^, PL V, fig. 7. 

§ Figured in MendeVs Principles of Heredity, FL V, fig. 9. 
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white. The three forms, self-coloured, marbled, and i2-white must be 
regarded as forming an- allelomorphic series. Marbled x i2- white has 
always given a marbled even when the JS- white used came from a 
family in which all the coloured members were self-coloured. Again, 
self-coloured plants that throw i2-whites do not throw marbled, while 
those that give marbled do not give any jR-whites, It is the only 
example of what has been termed a multiple allelomorphic series that 
I have hitherto met with in the sweet pea. 

When crossed with (7- white, extracted from self-coloured, the marbled 
form gives a self-coloured and the \F 2 generation contains both 
marbled and whites. A further point of interest is found here, in that 
the marbled which throws 0- white is paler than the homozygous 
marbled form. This would appear to be another instance of a definite 
heterozygous form in the sweet pea (cf. p. 106). 

^ (15) Purple, — red-purple, g^. This pair of characters has been 
dealt with at length in an illustrated account recently published in 
Yol. XH. of this Journal. Some further notes in connection with it are 
given under (17) below. 

(16) Clamped keel, H— open keel, h. The clamped keel is the 
ordinary form (Fig- 4 a) found in the wild sweet pea and in all forms 
with the non- waved type of standard, whether it be erect or hooded. 




Figi 4. Diagrammatic representation of clamped keel (a), and open keel (b). 

The open keel is characteristic of the more modern type of flower with 
the waved or “ Spencer” standard. It is markedly less curved (Fig. 45) 
than in the clamped type ; its free, edges are rather waved, and not in 
close contact with one another; and, finally, it does not press closely 
against the stigma along its curvature, as is the case in the clamped 
form. The distinction between the clamped and open keel is in reality 
^ that between the non-waved and the waved standard. The waving of 
the standard is however subject to a great deal of variation, and it is 
not always easy to distinguish the waved from the non-waved by the 
appearance of the standard alone. I have, however, never found any 
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difficulty in the case of the keels, the distinction between open and 
clamped being quite sharp in the flower that is fully out. 

(17) Purple, — maroon, b^. The type of maroon referred to here 
is that found in the variety “Bobbie’s maroon,” which was exhibited as 
a seedling at the Chelsea Show of 1919. In my experience it behhves 
as a recessive to deep purple. It is of interest in connection with the 
Purple-red-pufple pair, as will appear from the following notes. After 
I had obtained a pure strain of red-purple, I crossed it among other 
things with “Robert Sydenham,” to test for possible linkage in the 
shape of the keel. In the i’a generation, in 1918, appeared the “Spencer” 
form of red-purple. It was a novel and striking form, and I decided to 
fix it in the normal way, by growing on an generation in 1919. It; 
was therefore interesting to find Messrs Dobbie and Co. bringing out as 
a novelty in that year what appeared to be a form identical with that 
which had arisen in the course of my experiments. In 1920 I grew 
“ Bobbie’s Maroon ” side by side with my own Spencerised red-purple. 
The growth in “ Bobbie’s Maroon ” was a trifle more free, the ^sterns, 
pedicels, and foliage a shade less dusky, and the flower-colour not quite 
so fiery. But the differences were slight, and the two forms would almost 
certainly have been regarded by experts as “too much alike” varieties. 
Yet genetically they are totally distinct, though I did not find this out 
until later. In 1920 a cross was made between “ Bobbie’s Maroon ” and 
violet^, which is the dull (or “blue”) form of red-purple. Had “Bobbie’s 
Maroon ” been genetically similar to red-purple, this cross should have 
given a red-purple in Fi, and in F^ red-purples and violets in the ratio 
3 : 1. Actually the Fj plants were normal purples, though with a distinctly 
reddish hue. In appeared, besides red-purples and violets, various 
shades of purple, including some like the jPi plants, and some ordinary 
hooded purples similar in shade to the old-fashioned “Buke of Suther- 
land.” There also appeared some normal blues. The F 2 generation was 
a small one, some 50— 60 plants only, and the analysis has not been 
pushed further. It is clear however that maroon and red-purple, though 
practically identical in appearance, differ from the normal purple in "^dis- 
tinct factors. I have also found that from '^Bobbie’s Maroon” x white 
some creams appear in F^, though I have never met with these from, 
red-purple crossed with either 0-white or i2- white.' Maroon is probably 
rather a duller form than red-purple,; but in “Bobbie’s Maroon”; the 
yellow plastids of the cream basis brighten it up, so that it comes to look 

Illustrated on PL XXI, fig. 2 in Tol. XII. of this Journal. 
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very like a red-purple with colourless plastids. The genetical distinction 
between maroon and red-purple is further emphasised by the fact that 
they belong to different linkage systems. For red-purple shews linkage 
relations with the (7- white, while maroon is linked with axil-colour. 

Linkage Groups. 

So far five different linkage groups have been definitely detected, 
and the evidence for their existence may now be given. 

A. Under this letter are collected the three pairs of characters: 
Purple-red (AO, long-round pollen (A^, and erect-hooded standard (A^, 
for the linkage relations of which evidence has already been given in 
earlier papers^. That between A^ and A® is very close, in the neighbour- 
hood of 1 of crossovers. The number of crossovers between A^ and 
A® is about 12 7o (cf Haldane, 1919, p. 294). Though there is little 
evidence one way or the other, it seems probable from such as exists, 
that A^ lies between A® and A® on the chromosomef. 

B. ^In this chromosome are found the factors for the dark (B^) and 
light axil pair, for the fertile (B®) and sterile anther pair, and for the 
normal shaped flower (B®) and cretin pair. The data for these linkages 
have already been given elsewhere {Journal of GeneticSyiih pp. 84 seq.f 
and it is probable that B® and B® are about 25 units apart on the chro- 
mosome, while Be lies about 6 ijnits from B®, between the latter and BJ. 
That the purple-maroon pair is also found in this chromosome is evident 
from the following data. Maroon with light axil was crossed with J2-white 
carrying purple and dark axil. Fj was dark axilled purple, and the i ^2 
generation (No. 50/22) consisted of 

Purple dark axil ... 99 
„ light axil ... 19 
Maroon dark axil ... 9 

„ light axil ... 28 
White ... 48 

The figures point clearly enough to a linkage between maroon and 
light axil, but the numbers are too scanty and irregular to fix its value. 
Further experiments, too, are required before it is possible to fix the 
position of maroon in the B chromosome. 

* The most recent statement of this case will he found in Journal of Genetics^ Vol. vi. 
p. 185 $eq. 

f See Bridges, 1914, p. 528, and Punnett, 1917, p. 189. 

X Bridges (1914) arrives at rather different values, but the point is here immaterial. 
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D. In 1919-20 a number of families from the cross between bright 
flowered acacia (d^ D^) and dull (blue) flowered tendril (D^ d^) gave 
bright flowered tendrils in Fi. The F 2 generation comprised a number 
of families distributed as follows among the four expected classes : 

Bright flowered tendril .. . 847 
Dull „ „ ... 298 


Bright flowered acacia . . . 300 
Dull „ „ ... 49 



Fig. 5* Provisional map of the chromosomes for the five linkage groups 
hitherto identified. The figure shews only the relative, not the 
actual position on the chromosomes. for example may be either 
near the middle, or at the extreme end of the chromosome. 

Further data are req.uired before the positions can be fixed more 
accurately. 

The deficiency of the dull acacias suggested the possibility of a 
linkage between bright colour and acacia. Accordingly the reciprocal 
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cross acacia was made. was bright 

tendril as before; but ^2 consisted of ^ ’ 

Bright tendril . 424 
' 99 

Bright acacia ... 102 
^ 91 / 

Evidently there is linkage, and the figures suggest that the number of 
crossovers is somewhere in the neighbourhood of 33 

F. That iJ" white and marbled must, on the chromosome hypothesis, 
occupy the same locus, has already been pointed out. There is also 
evidence of linkage between i?-white and bush. In 1905 a cross was 
made between the bush sweet pea and the ordinary procumbent cupid, 
both being white flowered. As recorded elsewhere {Reports to the Evo- 
iiition Committee of the Royal Society, iv. p. 6), was tall purple. In 
i ^2 appeared the expected segregation, bush cupids appearing as well 
as bu^ tails, while the ratio of coloured to whites was 9 : 7. Other 
experiments shewed that of the two parents the bush was to be regarded 
as the (7-^hite, and the cupid as the i?-white. The cross was therefore 
of the nature g^F^f ^ (bush) x G’f F® (cupid). The F^ generation consisted 
of the four following classes : ^ 

Goloured procumbent... 130 
„ bush... ... 53 
White procumbent ... 89 

„ bush ’ ... ... 24 

The bush plants formed more than a quarter of those with coloured 
flowers — ^less than a quarter of those with white flowers. 

This peculiar distribution was confirmed in the F^^ generation, where 
4 families from parents heterozygous for both of the colour factors gave 


the following results : 

. . (coloured ; 

Coloured 

White 'V .. 

White 


procumbent 

bush 

procumbent ■ 

bush 

1908 No. 133 

83.. 

.57. 

101 

.17 

.. 135 

m r: 

70 . 

141 . 

36 

139 

66._ 

26 

42 

9. 

„ 159 

■ 57 " 

21 

60 

9 


If it be supposed that bush and jB-white shew linkage,, and that the 
number of crossovers is about 25 7o (= repulsion on a 3 : 1 basis between 
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F* and F^), then we should expect the four classes to appear in the ratio 
99 : 45 : 93 : 19. For the and F^ results the combined figures are : 

Coloured Coloured White White 

procumbent bush procumbent bush 

497 227 433 ' 85 

Expectation 486 218 447 92 

and they ar^ evidently in close accord with linkage of the value 
suggested. 

In addition to the four Fs families recorded above, in which the ratio 
of coloured : white was 9 : 7, there were four others in which the ratio 
was 3 : 1, viz. : 



Coloured 

procumbent 

Coloured 

bush 

White 

procumbent 

White 

bush 

No. 128 

29 

8 

6 

3 

„ 129 

20 

3 

2 

2 

„ 158 

48 

17 

23 

1 

» 161 

174 

66 

69 

6 


In the last two families (Nos. 158 and 161) we again meet with the 
phenomenon of an excess of bush plants among the coloureds, and a 
deficiency among the whites. If we suppose that these J’g parents were 
heterozygous for i?-white, and homozygous for the other colour factor, 
and at the same time were produced by the gametic union x f^F*\ 
the numbers are close to what would be expected on a 25 crossover 
basis, as the following figui'es shew : 

Coloured Coloured White White 
procumbent bush procumbent bush 



Expectation 208 94 94 6 

The other two families (Nos. 128 and 129) are probably of a different 
nature, for they shew neither excess of coloured bush, nor deficiency of 
white bush. It is reasonable to suppose that the whites here are O-whites, 
for there is an equal chance of the two kinds of white being found in Fs 
families, which throw coloured and white in the ratio 3:1. If so, of 
course we should look for a normal 9 : 3 : 3 : 1 ratio. 

Further experiments have been stai'ted in connection with the 
linkage relations of the factors F^, F^ and F^. Meanwhile we may assume 
that F^ and P occupy the same locus, and that F^ is about 25 units 
distant from this locus. 

G. In 1920 a red-purple was crossed with a strain of 0- white known 
to be homozygous for normal purple. jFi plants were normal purples, 
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and in 1922 an generation was raised from 14 similarly hreA 
plants. In respect of the two pairs purple— red-purple and colour— 
0- white, the distribution of the characters in the F^ generation was 

Purple ... 156 
Eed-purple ... 78 

White ... 80 

The red-purple class was half the size of the normal purple#class instead 
of forming only one quarter of the coloured plants. Since the cross 
was of the nature x this result is readily explicable on the 
assumption that linkage occurs. On these data alone however it is not 
possible to form any trustworthy estimate of the value of the linkage. 
For the following reason, however, I am inclined to think that it is not 
very close. As stated elsewhere of Genetics, Xli. p. 256) the 

red-purple differs in habit from the corresponding normal purple, being 
smaller, and at the same time ''duskier’’ in appearance. Though of 
course the duskiness is absent in whites, I have noticed that in an 
Fg generation from iJ-white x red-purple, some of the whites recall the 
red-purple habit. The foliage is of a rather darker green, and in well- 
grown plants it is possible, with care, to separate the two kinds. The 
Fa generation from 0- white x red-purple was not well grown, owing to 
the late germination of most of the seeds, and I did not attempt to dis- 
tinguish " red-purple ” (7-whites -from the rest. Nevertheless I noticeci 
several plants which gave me the impression of belonging to the " red- 
purple ” class. As the total Fa generation comprised only 314 plants, 
the presence of 5 such plants would indicate a crossover value of about 
25 I am inclined to think therefore that it lies somewhere about here, 
but until further experiments, now in progress, have matured, the point 
must remain unsettled. I do not however feel any doubt of the existence 
of linkage between these two pairs of characters. 

The linhage-testing data. 

Of the pairs of characters used in this work, three, viz. 0, E, and H , 
appear to stand outside the 5 linkage systems hitherto identified ; and 
we may now consider the evidence for this, as well as for the inde- 
pendence of the 5 linkage systems themselves. Back-crosses of the 
doubly heterozygous individual on to the double recessive, such as have 
been used with such success in are impracticable in Lathy r us, 

owing to the great amount of time and labour involved in obtaining 
reasonably large numbers. For deciding the question whether linkage 
does or does not occur between two given pairs of characters, the only 
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practicable method is to make the cross both ways and to examine the 

generation in each case. By making the cross ‘‘both ways” is of 
course meant that the crosses are of the nature XY x xy, as well as of 
the nature Xy x xY, when X and Y represent the factors corresponding 
to the two dominant chai'acters of the pairs whose relations are being 
investigated. During the past 12 years an attempt has been made to 
cross nearly every one of the 16 pairs of characters given on page 116 
with nearly every other one, and, so far as was possible, to make the 
cross both ways. The number of crosses undertaken, from which an -Fq 
generation was raised, is shewn graphically on Fig. 6 : the actual data 
are given in condensed form in Table I, pp. 119—122. In some cases the 
cross between two characters was not made because the evidence already 
obtained shewed it to be unnecessary. In other cases again the cross 
was made, but no results were obtained, either because it failed, or be- 
cause the Fi plants died prematui*ely through disease or drought. In 
some cases also the F 2 figures are, for similar reasons, smaller than might 
reasonably have been expected. 

In the majority of the crosses given in Table I the figiires are 
clearly opposed to the idea of any linkage. Some of them taken by 
themselves may suggest that linkage occurs, but w^hen considered in 
connection with other crosses, involving other members of the same 
Ikakage groups, it will become evident that such figures are due to what 
may be termed accidental irregularities. To take an example— the cross 

X FV which was made in the manner A’^f^ x a^F^, gave in F^ the 
expected four classes in the proportion 330 : 90 :116 : 22. Here the 
fourth term is well below expectation, as would be expected if there were 
a low grade of linkage involved. But F^ is situated at the same locus 
as F^ and if there were linkage we should look for this to be reflected 
in the F^ results from the cross A'-^F® x The actual jFa numbers here 
however are exceedingly close to the expectation on a 9 : 3 : 3 : 1 basis. 
Moreover, various other crosses between the A and F groups, viz. AV X F"^ 
(both ways), AV x F^, A® x FVand A® x F^, give no indication of any link- 
age. Yet if linkage really existed between A^ and F^ we should expect 
to find it reflected in some of these other crosses. From the fact that it 
is not evident, we must conclude that the deficiency of the fourth term 
in the F^ generation from the cross A^f^ x a^F^ is due rather to some 
accident (such, perhaps, as a higher mortality among marbled plants ^ 
with round pollen) than to any linkage. 

For the interrelations between the five groups A, B, D, F, G the 
figures may be left to speak for themselves. The evidence is, I think 

8—2 . 
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sufficient to convince the critic that these five linkage groups are in- 
dependent of one another ; and that the factors concerned must, on the 
chromosome hypothesis, be regarded as situated in different chromo- 
somes. 

There remain for consideration the factors C, E, H, and these may 
be considered separately in connection with the figures in Table 

(1) The factor C. 

A X C. If C were about 50 units distant from and A®, which are 
close together, then if it is on the same side of the chromosome as A^, it 
should shew about 38 of crossovers with A®. The figures for the A® x C 
cross are 311 : 96 : 121 : 33, where expectation on the 38 crossing over 
basis would be 301 : 120 :120:20. The actual figures lie on the whole 
between this expectation and the figures based on absence of linkage, 
and the question must at present remain undecided, though the evidence 

is, perhaps, more against linkage than for it. 

■ , * ** 

B X C. The results from x C might be construed as representing 

a linkage near 50 ; for both end terms are rather below, and both 

middle terms rather above normal expectation. The B^xC figures are 
irregular, and suggest rather that there is a higher mortality among the 
smooths, both fertile and sterile, than any linkage. On the whole, link- 
age here is unlikely though the matter cannot be regarded as settled 
until results have been obtained from the B^ x C cross. 

C x D. The evidence here affords no grounds for supposing that 
linkage occurs. 

C X E. The numbers, though small, give no indication of linkage. 
But, of course, a crossover value in the region of 50 7o is not ruled out. 

C X F. In the C x f® cross the fourth term is low. But on the other 
hand the middle terms are also below normal expectation instead of 
above it, as they should be if there were linkage. And the first term is 
well above normal expectation instead of being below it. On the whole, 
the figures are more in accordance with a higher mortality among the 
marbled classes. The results of the crosses with and offer no clear 
grounds for assuming the existence of linkage, 

C x G. The numbers seem to point clearly to there being no linkage 
here. 

* Some years ago we suggested tbe possibility of linkage between the purple-red and 
the dark-light axil pairs (ef. Bateson and Punnett, 1906,p.36). The figures then obtained 
were not, however, conclusive ; and since that date the point has been more fully investi- 
gated. The data obtained since 1906 are given in Table I, and tell conclusively against the 
existence of such a linkage. 
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C X H. The numbers, though small, are in close accordance with 
normal expectation, though here again a crossover value of 50 is not 
ruled out. 

(2) The factor E. 

A X E. The figures afford no indication of linkage ; but since Aj and 
A 3 , which alone were used, are close to one another, the possibility of a 
50 7o crossover is not ruled out. • 

B X E. The fourth term in the numbers from x E is much larger 
than on normal expectation. If this be taken as indicating low grade 
linkage, the locus of E must be about 50 units from on the side on 
which lies. 

D X E. Though the numbers are irregular the facts are against 
linkage. For and D‘^ are so far apart that if E shewed 50 % linkage 
with either one it would have to shew much closer linkage with the 
other* 

E X F. Since F^and are some 25 units apart, and since E shews 
no clear indication of linkage with either, it may be taken as fairly 
certain that the locus of E is not in the F chromosome. 

E X G. Though there is some irregularity in the numbers, there is 
no indication of linkage. 

E X H. The numbers of the«eross made do not point. to linkage, 
the possibility of a 50 crossover value is not ruled out, 

(3) The factor H. 

A X H. Though there is irregularity in the middle terms in the 
reciprocal crosses, the end terms in each case are close to expectation. 
The possibility of a 50 7o crossover value is not ruled out. 

B X H. Since B^ and B^ are only about 6 units apart the possibility 
of a crossover value of about 50 is not entirely ruled out. 

D X H. Since D’ and D“ are about 35 units apart, it is improbable, 
in view of the figures obtained, that the locus for H is in chromosome D. 

F X H. In the absence of data relating to F^ the possibility of a 50 76 
crossover value is not ruled out. ^ ^ 

From these considerations it is clear that for the 3 factors C, E, H 
there are many possibilities of a very low grade linkage, in the neigh- 
bourhood of 50 7o- If cne of these should be proved the number 
of independent groups would be reduced from 8 to 7 , which is the 

* But see p. 111. 
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haploid number of the chromosomes. But in order to settle this point 
there is need for the utilisation of further characters. The greater the 
number of characters dealt with, the more surely can be assigned to each 
its peculiar chromosome and locus. The number of workable characters 
in Lathyrus hitherto unexploited is small ; for the finer shades of flower 
colour present difficulties in classification which render their use un- 
desirable. Structural features are the most satisfactory to use; and I 
should be most grateful for assistance in the shape of seeds from any 
novelty, however undesirable horticulturally, that readers of this paper 
may happen to come across. 

In conclusion I wish to express my thanks to the Director of the 
John Innes Horticultural Institution for facilities freely afforded for 
growing sweet peas at Merton, and for the beautiful drawings reproduced 
on Plate III, which were made by Mr Osterstock. Especially, too, am 
I grateful to those who have helped me, both at Cambridge and at 
Merton, in the labour of recording the many thousands of plants which 
were grown for the data in this paper. « 


TABLE I*. 


Type of Mating Type of Mating 

XY^axv * XyxxY 


Ai X Bi 

1363 

393 

438 

150 

3251 

1112 

1148 

438 


1818-5 

439-5 

439-5 

146-5 

3345 

1116 

1116 

372 

X B2 

3894 

1220 

1390 

422 

511 

186 

167 

69 


3895 

1299 

1299 

433 

525 

175 

175 

58 

X B3 

308 

84 

108 

27 

421 

126 

195 

66 


296 

99 

99 

33 

454-5 

151-5 

151-5 

50-5 

A2 X Bi 

1442 

458 

399 

167 

493 

160 

170 

54 


1368 

462 

462 

154 

492 

165 

165 

55 

AgxBi 

203 

63 

70 

13 

409 

164 

142 

49 


195 

66 

66 

22 

430 

143 

143 

48 

■ .X'B2 

241 

75 

77 

25 

691 

239 

217 

60 


236 

78 

78 

26 

680 

226 

226 

75 

X 83 

_ . 

^ , 


’ — 

145 

42 

: '45''' ■' 

20 






142 

47 

41 

16 

0 

X 

< 



' 

■ 



584 

211 

245 

71 






626 

208 

208 

69 

A2 X C 

; , 


__ 

; — 

311 

96 

121 

33 






316 

105 

105 

35 

A3 X C 

405 

112 

119 

31 



, 



375 

125 

125 

42 






* The figures in italics shew the expectation on a 9 : 3 : 3 : 1 basis. 
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TABLE I — continued. 




Type of Mating 

XY X xy 



Type of Mating 
XyxxY 




r ' 








Aj X Dj 

1270 

381 

448 

142 

602 

207 

187 

67 


1261 

420 

420 

140 

599 

199 

199 

66 

X 0*2 









1778 

552 

636 

197 






1780 

593 

593 

197 

A 2 X D 2 




— 

— 

369 

109 

115 

40 






356 

119 

119 

5.9 

A 3 X Di 

526 

179 

174 

59 

— 

— 

— 

— 


528 

176 

176 

58 





X D 2 

399 

149 

129 

39 

— 

™ . 

— , 

— : 



134 

134 

44 





Ai X E 

110 

26 

39 

8 

189 

62 

66 

19 


101 

34 

34 

11 

189 

63 

63 

21 

AjjxE 

96 

21 

26 

10 

— 



— 

— , 


86'5 

28'5 

28-5 

9‘5 





II’ 

X 

< 

228 

73 

93 

28 

322 

102 

95 

32 


288 

79 

79 

26 

311 

103 

103 

34 

XF 3 



— , 

— 

1288 

340 

412 

134 






1222 

408 

408 

136 

A 2 X Fi 

618 

205 

204 

67 





: 



• 

616 

205 

205 

68 





X F .3 

— 

— 

. — 

■ ^ — 

330 

90 

116 

22 






313 

105 

105 

55 

A 3 X Fi 

203 

68 

57 

24 









198 

66 

66 

22 





X F 3 

447 

99 

133 

35 








402 

134 

134 

44 




f 

Aj X G 2 


— 


. 

86 

32 

25 

9 






85-5 

28-5 

28-5 

9-5 

A 2 X Gi 

1206 

437 

406 

129 

307 

89 

78 

22 


1212 

414 

414 

m 

279 

93 

93 

31 

A 3 X Gi 

1158 

422 

398 

131 

311 

120 

98 

27 


im 

396 

396 

132 

313 

104 

104 

55 

> 

X 

p 

117 

39 

62 

16 





__ 



117 

39 

58'6 

iP*5 





AixH 

150 

65 

48 

19 

556 

160 

208 

60 


169 

53 

53 

17 

555*5 

184-5 

184-5 

61-5 

BjxC 





. 

1107 

381 

390 

110 






1118 

373 

373 

124 

B 2 XC 



— 


524 

139 

178 

44 






498 

166 

166 

55 

BixDi 

784 

273 

249 

76 







778 

259 

259 

86 





X D 2 

319 

134 

95 

42 

99 

24 

33 

4 


331 

111 

m 

87 

90 

30 

30 

10 

rP 

X 

P 





573 

196 

175 

74 






573 

191 

191 

63 

X Do 



— ■ ■ 

■ ; . 

mi 

158 

139 

61 






469 

157 

157 

52 

BgxDi 

94 

25 

15 

% 

385 

130 

105 

42 


76-5 

25'5 

25^5 

8'5 

373 

124 

124 

41 
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BixE 
B2 X E 

Bi X F, 

X F, 
xF, 

Bj X Fi 

xF, 

Bj X Go 
B 2 X Gj 
^3 ^ ^ 1 

xG^ 

X H 
B 2 X H 

0 x Dj 

xD^ 

C^xE.^' 

Fj. 

'■"■ixFg 

xF,x;v 

C X Gj 

C xH 


442 

4m 


144 

U1 


189 

182 

725 

671 


51 

47 


40o 

S94 


me 

8L5 


Type of Mating 
XY X xy 


134 

US 


37 

43 


58 

60 

218 

223 


14 

15 


112 

ISO 


Type of Mating 
XyxxY 


103 

105 


155 

00 

t “ 


\ 


US 

49 






~ 

88 

86 

22 

28 

30 

28 

11 

9 

— 

— ■ 

225 

• 

73 


38 


224 




12 





43 

U 





— 

— 

602 



232 




6251 

) 

208’i. 




225 

228 

74 

76 

78 

76 

28 

25 



472 

122 

157 

30 



438 

147 

147 

49 

59 

60 

16 

20 

240 

25S 

81 

86 

109 

86 

29 

00 

180 

223 

68 

74 

151 

165 

61 

55 

63 

55 

/IS 

18 



32 

10 

13 

4 



35 

11 

11 

4 


— 

54 

16 

26 

4 



56 

19 

19 

6’ 

13 

15 

4 

5 « 

812 
' 778 

224 

269 

274 

259 

72 

86 


■ 

537 

162 

166 

51 



515 

172 

172 

" 57 

134 

130 

46 

43 

148 

167 

331 

315 

51 

56 

108 

105 

80 

56 

96 

105 

IS 

IS 

25 

35 


~ 

54 

56 

17 

19 

23 

19 

6 

."6’..' 



314 

308 

105 

Ml 

91 

101 

'.'■28' 

33 



130 

131 

41 

43 

... 52':..' 

' ; 

14 



729 

672 

194 

224 

222 

224 

49 

74 . 

97 

105 

24 

35 

590 

%74 ■ ■ ■; ^ 

U76 

159 

182 

59 

58 

160 

182 

63 

58 

60 

60 

15 

19 



67 

63 

18 

20 

19 

20 

6 

7 


121 
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TABLE I — continued. 


Types of Mating 
XYxt»v 


Types of Mating 
X y X ,'( '7 


DixE 

— 

— 

D2 X E 


- 

DixFi 

— 


XF2 


— 

X h 

427 

96 


m 

m 

D,xF, 

195 

70 


201 

67 

xF, 

1868 

552 


1768-5 

589-5 

Dg X Gj 

— 

— 

X Go 

■ 


^ ■ 

DjxH 

— 


DgxH 

— 

— 

E xF., 




X Fj} 

70 

14 


62 

20 

E X Gj 

— ", 

~ 

xGa 

' 77 ■ ' 

12 


59 

19 

E xH 


— 

F2XG1 

108 

40 


118 

40 

F3XG2 



FixH 


: , ^ , ■ 

F3XH 

- 


Q 

X 

X 

— 


GgxH 





92 

89 

554 170 

5S9'5 196-5 


118 

38 

42 ' 

17 

122 

40 

40 

13 

212 

80 

48 

22 

204-5 

67-5 

6‘7'5 

22-, 

163 

68 

60 

20 

176 

56' 

58 

19 

95 

28 

34 

8 

93 

31 

31 

10 

766 

229 

229 

77 

732 

244 

244 

81 

— 

__ 


— 

— 


. — 


426 

410-5 

526 

142 

136-5 

157 

161 

182 

155 

52 

501 

167 

167 

55 

244 

43 

53 

17 

201 

67 

67 

22 

67 

20 

18 

5 

61 

21 

21 

7 

521 

122 

151 

50 

475 

158 

158 

53 


46 

18 

11 

9 


47 

16 

16 

5'. 


330 

85 

109 

29 


311-5 

103-5 

103-5 

34-5 


139 

52 

‘ 40 

16 


138-5 

46-5 

46-5 

15-5 


418 

121 

107 

30 


377 

126 

126 

42 


132 

50 

46 

13 


m 

45 

45 

15 

1 

33 

7 

11 

3 


31 

10 

10 

5 

',v j| 

20 

7 

8 

3 


21-4 

7-1 

7-1 

2-4 


132 

58 

55 

15 


143 

48 

48 

16 

I 
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EXPLANATION OF PLATE III. 

Fig. 1. Marbled form of blue. 

Fig. 2. Marbled form of deep red {e.//. Miss Hunt). 

Fig. 3. Marbled form of deep purple. 

Fig. 4. Marbled form of blue red (Fig. 5). 

Fig. I). Blue-red, being the “dull” form of “Miss Hunt” in the “bright ” series. 
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NEW OBSERVATIONS ON THE GENETIGS 
OF PEAS {PISUM SATIVUM). 

By CAROLINE PELLEW and ASLAUG SVERDRUP. 

{The John Innes Horticultural Institutmi,) 

(With Four Text-figures.) 

These experiments relate to 

(1) The origin and properties of two new varieties. 

(2) The genetics of yellow pod, and of cotyledon colour. 

(3) Two new linkage groups. 

New Varieties. 

Reduced stipules, 

J.n the first variety the stipules are reduced (Fig. 2), being only 
a little larger than those of Lathy ru^ it appeared spontaneously in 
1915, as a single plant in a row of the variety Duke of Albany raised 
from seed obtained from Messrs Sutton, Messrs Sutton inform us that 
they have never observed a similar form. Seed from this plant gave 
80 plants all with reduced stipules. Associated with the reduction in 
size of stipules a slight increase in size of leaflet was observed In this 
family, among the green podded plants one was noticed as having yellow 
pods, A description of this and of its peculiar genetic behaviour will be 
given later (p. 128). 

The form with reduced stipules was crossed with Duke of Albany 
type and rogue (Bateson and Pellew, 1915) giving Fi normal, and F 2 y 
3 normal : 1 reduced stipules. Crosses were also made with various other 
types, especially with varieties having salmon-coloured flowers, and from 
these, F^ families were grown showing linkage of the purple factor (B) 
with that for normal stipules (8). These families were all derived from 
the cross Bs x the reduced-stipuled strain being white carrying the 
B factor. The salmon flower colour was introduced from the fasciated 
form known as the “ Mummy ” Pea. 
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compmcMe families from the cross Bs x hS. 






Coloured 


Whites 




BS 

bS 

Bs 

bs 

S 

s 

559- 

-68. 21 


90 

37 

32 

2 

31 

15 

360—2. 22 


15 

5 

6 



6 

2 

367- 

-78. 22 


80 

28 

37 

1 

37 

15 

346- 

-9. 22 


42 

24 

25 

1 

20 

5 

381. 

22 ... 


9 

4 

4 

— 

none 

m 

511- 

-2. 21 


13 

7 

2 

— 

10 

1 

Observed numbers 
Calculated numbers 

249 

PAl'5 

105 

106-5 

106 

106-5 

4 

9-5 

104 

38 
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The calculated numbers represent a gametic series of 
lBS:2’5Bs:2^5bS:lbs, 
the cross-over classes being about 28%. 

Other allelomorphs with which S is not linked are as follows : 

r - 1 ^ (Round — wrinkled cotyledons. 

Linked with each other i -n j i 

[Tendrilled— acacia leaves. 

Tall — dwarf. 

Colour — white. 

Normal habit— fasciated habit. 

Yellow — green cotyledons. 

Glaucous— emerald (free seeds). 

1 , (Glaucous — emerald (“chenille'’). 

Linked with each other , . , , ^ . 

(Normal wings — keeled wings. 

Keeled Wings. 

The peculiarity of this form (Fig. 4) is that the wings have under- 
gone homoeosis/ being transformed into the likeness of the keel. Each 
wing stands in its normal place as a separate petal, but the tissue of 
which it is composed is in colour and structure exactly like the keel, 
being thrown up into longitudinal ridges like those of the normal keel. 
The rest of the flower is normal. 

This form was shown to us by Mr W. A. Giles (of Messrs Sutton) in 
1919. It had first been noticed (?m J'g)^ among the descendants of a 
cross between a vetch-like rogue in Pride of the Market (a dwarf round- 
seeded variety) and the Mummy Pea (salmon bicolor). Keeled wings 
were combined with numerous characters introduced in the original 
cross, and several of these forms were given to us by Messrs Sutton. 
Since in keeled wing flowers on coloured plants the transformed wingvS 
have only the small amount of pigment characteristic of normal keels, 
they are not easily referred to their colour types. 

Linkage of normal-keeled wing with glaucous-emerald has been 
tested only in the cross glaucous, keeled x emerald, winged. The normal- 
winged emerald used in these crosses was the “ chenille ” type {i,e. seeds 
cohering when ripe) investigated by Vilmorin (1911), and Meunissier. 
(1922)h 

1 yilmoriu proved the existence of two distinct kinds of emerald, for from the cross, 
emerald “chenille ” by emerald free seeds var. “Emereva,” came a glaucous and in Po 
glaucous and emerald in the ratio 9 : 7« We have also observed a glaucous F;i from emerald 
"■.y chenille” x emerald free seeds. From the results of this cross and from the cross glaucous 
fr^seedsx emerald “chenille” Vilmorin showed that glaucous segregates are predomi- 
nantly, free seeded, and emerald segregates “chenille,” but that the “chenille” character 
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Tabulated below are two and six families (pooled) from a cross 
between emerald-chenille normal wings and glaucous free keeled wings. 
Z = normal as opposed to it, keeled wings, = glaucous as opposed to 
9 , emerald. 

Families from. Kg X kG. 


^2. 35—1.22 
,, 522—9. 21 

Fs. 385—90. 22 ... 

KG 

48 

212 

114 

Kg 

31 

82 

51 

kG 

25 

98 

51 

kg 

1 

3 

1 

Observed numbers ... 

374 

164 

174 

5 

Calculated numbers . . . 

365'7 


172 

7’2 

The calculated numbers represent 

a gametic 

series 

of 

1 EO :4iKg:4ikO :1kg, 
the cross-over classes being 20 %. 

Other allelomorphs with which E is not linked are 



Linked with each other 


[Round — wrinkled seeds. 
[Tendrilled — acacia leaves. 
Tall — dwarf. 


Linked with each othe» 


Normal- 

Colour- 

Yellow- 

Purple- 


—fasciated habit, 
-white. 

-green cotyledons, 
-salmon. 


(Normal stipules— reduced stipules. 

The linkage groups in Pisum of which there is now evidence are 
therefore three, the two here reported besides that between tendrilled— 
acacia and round— wrinkled seed. The other linkages which have been 
supposed to exist are not in our opinion authenticated. The haploid 
chromosome number is 7. 


Yellow Pods and Cotyledon-colour. 

We have mentioned (p. 125) that in the family raised from our original 
plant with reduced stipules, a plant was noticed having yellow pods. 
From this plant has been raised a strain breeding true to yellow pod. 

is much influenced by other characters {e.g, colour) and also by climatic conditions. These 
observations have been interpreted by 0, White 1917 as indicating linkage between the two 
characters, but after further investigations Meunissier concludes that the ‘‘chenille” 
character toiijours corrSlatif du cardcth'e emeraude.” Our own records of “chenille” 
in relation to glaucous-emerald are very limited and inconclusive. As far as we know, 
ease is known of plants of the cross-over combinations breeding true, and linkage 
these characters remains unproven. 
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Subsequently we noticed that the cotyledons and testa of this particular 
strain are always pale yellowL Yellowing of the pods and stems occurs 
during the ripening stages, the straw being creamy-yellow. This dis- 
tinction is very striking under ordinary conditions, though in a wet 
summer the colour change is much less definite, and the plants become 
discoloured by moulds, so that discrimination between green and yellow 
pod plants is difiScult and counts of mixed families are unreliable. . The 
plants are also very slightly paler, both in stem and foliage, than the 
related green-podded strain even in earlier stages of growth. 

The genetic behaviour of yellow pod forms has been investigated by 
Mendel and Tschermak (1904, p. 11), Mendel descidbed the variety he 
worked with as having pods '' vividly yellow, in which colouring the 
stalks, leaf- veins, and calyx participated.” He found that this group of 
effects behaved as a simple recessive to green. Tschermak confirmed 
this result working with a variety of Sugar Pea with yellow pods. 

Recent work with yellow pods has led to an extension of our know- , 
ledge of the genetics of cotyledon colour. Yellow and green, round and 
wrinkled, are of course the most familiar of all Mendelian characters, 
having been studied on an extensive scale, and ample evidence of their 
independence exists, 0. White, however, in 1916 published observations 
which, as he interpreted them, suggested a definite linkage between 
round and a peculiar "yellow” which behaved as a recessive. In that 
paper he does not allude to 'the fact, nevertheless incidentally mentioned 
in his later report (1917, p. 567), that the variety used by him had 
yellow pods. As will subsequently appear, the suggestion of linkage is 
an illusion caused by the special phenomena peculiar to the yellow -pod 
variety. As this variety is otherwise under consideration in this paper, 
we venture to include a preliminary note on our observations of its 
seed-characters though the investigation is still incomplete. 

Our yellow-podded variety has wrinkled seedvS. Their cotyledon colour 
is a pale yellow. This colour is not so full as that of the ordinary yellow- 
seeded varieties commonly used by geneticists. But in looking over 
samples of truly yellow-seeded peas, seeds may often occur, which could 
not readily be distinguished by their colour from those here under con- 
sideration. Understanding of what follows will be facilitated if we here 
give an outline of the results arrived at. 

The pale colour characteristic of our yellow-podded variety is reces- 
sive to ordinary green cotyledons as White found in his variety. If the 

^ Another yellow podded plant with yellow cotyledons appeared in a crop of Duke of 
Albany in 1911. This plant bred true to type. We did not keep the strain. 
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green-seeded variety used be a wrinldecl (as our pale seeds also are), 
green is dominant, and an ordinary ratio, 3 greens : 1 pale follows 
the pales being those which would become yellow-podded plants. But 
if rotwrf-seeded varieties are used in the cross, there is a complication 
from the fact that the introduction of the round character may have a 
direct effect on the colour of the seeds. 

The simplest cross of that kind has not been made by us, but it was 
made by White, who found that pale wrinkled x green round gives green 
round dominant. The details for are not given, but the classes were 
three only, the pale roimd class being missing. 

We crossed the pale wrinkled with an ordinary round, yellow-med%A 
vaidety, Mummy, which gave round yellow Fi, and in F^, three classes 
not further distinguishable on inspection, “ yellow ” round, green round, 
and “yellow” wrinkled^ At first sight, since green rounds are present, 
one expects green wrinkled also, but that class is missing. 

The turn sets of results are obviously reconcilable if it can be supposed 
that the absence of pale round in White’s experiment and the absence 
of green wrinkled in ours are both consequences of an influence of the 
rouiidness, such that the pale when round may be green. When a 
lorinkled green is used the results are normal, as we have seen. 

The subsequent investigation is rendered difficult by the impossibility 
of distinguishing by eye the^pale seeds from the yellows. Gonvefsely 
there is often difficulty in distinguishing the pale seeds from greens, 
a difficulty which is especially met with in certain crosses. Green 
seeds are in many ordinary green varieties very liable to bleach, and 
this is notably the case with Duke of Albany. From our experience 
with this variety we incline to think that there is great difference in 
the individual plants of such sorts, and we expect that it would be 
possible to separate non-bleaching from bleaching strains in them. The 
“ pale ” seeds are probably a form in which the same liability to bleach 
exists in a higher degree. Exceptionally, wrinkled seeds from matings 
with the yellow-podded variety have come green when fresh, though 
only pale were expected, but we have noticed that in one case such 
seeds have bleached to the pale colour after being put away for a 
year. 

Of the green or greenish round seeds in J'g from the cross between 
Mummy and the yellow-pod variety, the majority have given plants 
with yellow pods. Strictly according to expectation all should have 

1 Mummy (seeds yellow round) x any green-podded (seeds green wrinkled) variety gives 
in >'*2 an ordinary 9 : 3 ; S ; 1 ratio in seed-characters. 
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done this, but we have no difBculty in attributing the few exceptions 
to the impossibility of correctly sorting such material. 

It must be clearly understood that the colour of the seeds does not, 
as we first thought possible, depend in any way directly on the colour 
of the maternal pods. Any mixture may occur in pods of either colour, 
if the appropriate parents are used. Whether it is possible to combine 
ordinary dominant yellow seeds with yellow pods as a true-breeding form 
we do not know, but we incline to think that this is not possible, and 
that the yellow pods and the pale colour of the cotyledons are due to 
the absence of a single factor. There is nevertheless some reason for 
supposing that a complex interrelation may exist between the colours of 
the testa and the degree to which the pale seeds assume their proper 
colour. 

Until we know for certain that true yellows cannot be combined 
with yellow pods in a pure type, a factorial representation of the way 
in which the several forms are interrelated can only be conjectural. 
We are disposed however to regard the facts-as^pointing to the existence 
of a triple allelomorphic series composed as follows : (a) true dominant 
yellow cotyledons associated with green pods; (6) green cotyledons also 
associated with green pods; (c) pale cotyledons associated with yellow 
pods; the three standing in a descending order. As stated above, when 
the factor for round seed is associated with the lowest term in the 
series, the seeds which if wrinkled would have been pale, are often green 
or greenish. 

Miss de Winton has given much help with the observations here 
recorded. 
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INHERITANCE OF THE THREE FORMS 
IN TRIMORPHIC SPECIES. 

byN. barlow. 

In 1913 {Joiirn, Gen, VoL iii. No. 1) I published the first results of 
experiments on the inheritance of the three forms in the heterostyled 
species Oxalis valdiviana and Lythrum salicaria, I hoped to be able to 
carry the enquiry to a definite conclusion, for the inheritance of the 
three distinct forms which go to make a single heterostyled trimorphic 
species, seemed particularly amenable to a simple Mendelian solution. 
Moreover within one such species occur unique phenomena of partial 
and complete self-sterility and inter-sterility, the appearance of a high 
proportion of bad pollen grains and bad seed in certain cases:— I had 
hoped to make clear the connection of these phenomena with the main 
problem of the inheritance of the three forms. Since 1913, however, the 
work has been carried on intermittently. The present paper records 
such numbers as have been obtained, with a discussion of a schematic 
explanation of the results. * 

Dimorphic plants are recorded in several Natural Orders : Boragineae, 
Oordiae, Erythroxylideae, Gentianeae, Hypericineae, ,Linaceae, Oleaceae, 
Polemoniaceae, Polygonaceae, Primulaceae, Eubiaceae, Thymeliae, Ver- 
benaceae. 

Trimorphic species are only found in Geraniaceae, Lythraceae and 
Pontederiaceae [4], as far as I know. It may be as well to state briefly 
the physiological peculiarities of these plants, and to recapitulate the 
established facts with regard to their genetic behaviour. 

In dimorphic species, there is one pollen tier to each form, 
agreeing approximately with the length of the style in the opposite 
form. But the degree of variability in length of the male and female 
sexual organs is far greater than was originally supposed, as Tischler 
has shown [8],. thus weakening the case of those to whom the theory of 
adaptation was sufficient. 

Not only are the stamens of the two forms distinguished by their 
length or place of insertion in the corolla tube, but also by the actual 
size of the contained pollen grains, those belonging to the long stamens 
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and Short-styled plant being in practically all cases larger than those 
from the short stamens of Long-styled plants [4, p. 249]. 

In trimorphic species, each of the three forms has two distinct pollen 
types, borne on stamens of different heights. The pollen differs in size 
according to the stamen length, and as in dimorphic plants, the long 
pollen is the largest, V 

Mr Rowbotham kindly made some measurements for me of the rela- 
tive sizes of the pollen grains in L, salicaria. His results were in agree- 
ment with those of H. Muller, quoted in Forms of Flowers, p. 143. The 
long pollen of both forms is larger than the Mid, and the Mid is larger 
than the short pollen. He found the greatest divergence between the 
long pollen of the Short-styled, and the short pollen of the Long-styled 
plants, the ratio being 100 ; 56’6, 

He also made a few observations on the presence of bad pollen 
grains. In one large family of illegitimate offspring {M $ x own pollen), 
some individuals had normal good pollen, whilst others had a large per- 
centage of bad grains, and grains irregular in size. In another Mid of 
this family (I 7 I 8 ) he found the long pollen irregular, whilst the short 
pollen was normal in size and regular. Clearly segregation of some sort 
has taken place connected with the sterility problem, Unfortunately 
these promising indications have not so far been followed up, A further 
example of segregation is given by Darwin [5]. From an illegitimate 
union of Mid $ x Short f Cf Long-style, 11 L and 8if were raised. 
Five of these were observed for fertility, and two proved “moderately 
sterile, and three fully fertile.” Not one of this family was dwarfed. 

- There is a further visible difference in L. salicaria in the colour of 
two of the pollen types from the four others. Long pollen is of a varying 
intensity of green, whilst Mid and Short pollen is pure yellow. Excep- 
tions have been observed to this colour differentiation, 

One other point may be mentioned here, as I have never seen any 
reference to it. The different tiers of stamens are borne by separate 
whorls ; the inner whorl is always the longer. It therefore follows, that 
though long stamens are always carried by the inner whorl, and short 
stamens by the outer whorl, mid-length stamens are on whorls of diffe- 
rent origin in the two forms; the Mid stamens of a Short-styled plant 
are on the outer whorl, and the Mid stamens of the Long-styled plant 
are on the inner whorl. 

So much for outward differences. For factorial differences, neither 
the evidence of others nor my own, has ever shown that there has been 
any segregation of the characters for Long, Short or Mid-style in the 
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two pollen types of one plant, as might easily have been anticipated. 
But there has been segregation of another sort; the two </s of one plant 
differ in their compatibility with the same $ . Thus the mid-pollen of 
a Long-style sets a full complement of seed on Mid-style ovules, whereas 
the short pollen of the same Long-style plant, will set few, or more pro- 
bably none. At some period in cell-division the two tiers of pollen have 
become differentiated ; though of the nature of this differentiation we 
have no clear conception as yet. In this connection Stevens’s work on the 
growth of pollen tubes in heterostyled plants is of interest [9], After 
legitimate pollination in Lythrum salicaria, she found in 18 hours 
regularly a three-celled embryo, with at least three nuclear divisions in 
the endosperm. The result was the same in each form, in spite of the 
difference in the distance travelled by the pollen tubes. After illegiti- 
mate pollination very little growth of the pollen tube had been made in 
24 hours. After three days in a very few cases, the tube had extended 
almost to the egg. In a few flowers, investigated 96 hours after pollina- ^ 
tion, an 8- or 16-celled embryo was found. 

The pollen tube presumably draws its nourishment from the tissues 
of the style, and it is conceivable that development is only possible 
in pollen and styles of the same height owing to the formation of com- 
patible chemical substances, as suggested by Jost. If the question of 
selfcsterility could be attributed solely to chemical incompatibility 
between the tissues of the style and the pollen tube, we might expect 
that in the rare cases where and ? unite, zygote development would 
proceed normally. But the higher mortality in the seed-box (compared 
with that seen in the germination of legitimate seed) and the stunted 
form of illegitimate plants, even after years of growth, show that the 
lethal factor, or inhibitor, has not ceased its operation at the union of 
the germ-cells. 

The question of self-sterility is further complicated by the different 
degrees obtaining in the various crosses. Darwin found that legitimate 
fertility also varied according to the form of the mother used. In plants 
setting seed spontaneously he found the following relationship existed ; 



Average seed per capsule 

Form 

Count! 

Count II 

Long 

m 

80 

Mia 

130 

07 

Short 

83 

61 


From artificially fertilized capsules he found the same greater fertility 
of the Mid-styled plant. 
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The following table contains the legitimate and illegitimate crosses. 

TABLE I. 

Explanation of lettering used. The capital letter denotes the form of parent, the small 
type the height of pollen. Thus 

Lx Long-styled $ x Long of Short- style plant. 


Cross 

N umber of 
flowers 
fertilized 

Percentage 
of flowers 
setting seed 

Average 
seed per 
capsule 

Cross 

Number of 
flowers 
fertilized 

Percentage 
of flowers 
setting seed 

Average 
seed per 
capsule 

L X IM 

13 

38 

51*2 

M X IS 

16 

93 

69-5 

L xlS 

13 

84 

107*3 . 

MxsL 

13 

54 

47-4 

L X niL 

15 

20 

12 

M X sM 

12 

0 

0 

L x mS 

12 

only 1 sot 

20 

S xsL 

12 

83 

81*3 

L xsL 

15 

20 

5 

S xsM 

13 

61 

64-6 

L X sM 

14 

only 1 set 

3 

S X mL 

10 

only 2 set 

18 

MxmL 

12 

92 

127*3 

S xmS 

10 


15 

M x mS 

12 

100 

108 

S xlM 

10 

0 

0 

MxlM 

12 

33 

75 

S X IS 

10 

0 

0 


Thus the Mid not only sets a much larger number of seed when 
^ legitimately fertilized than do Longs and Shorts, but also Mids illegiti- 
mately crossed with the two long pollens, and also with the short pollen 
of LoiXgs, set a fair number of seed. 

To summarize our incomplete knowledge of the inter- fertility and 
inter-sterility factors, we find : 

1. The seed maximum per capsule differs in the three forms, Mids 
giving most, and Shorts least. This is true both in legitimate and iUeg- 
itimate fertilizations. 

2. In the 12 more or less sterile illegitimate combinations out of the 
18 possible unions within the species, we get a series of possibilities— 
complete absence of zygote development ; a much reduced seed forma- 
tion, increasing to a fair percentage of the normal. Of the seeds so 
formed, germination is bad, mortality of the seedlings is great, and the 
plant usually does not attain normal height in growth. 

3. The gamete development of the plants so raised is not normal, 
the pollen having a large percentage of bad grains. 

4. However from one illegitimate fertilization (M x IM) there was 
a good percentage of seed per capsule, good germination, and quite a 
third of the offspring were normal in size. But many showed their 
illegitimate origin by bad pollen— though in some the inhibitor was 
apparently left out. 

5. Both in Lythrum and illegitimate offspring showed a 

much greater tendency to vary in the length of stamen than legitimately 
raised plants. I have had in 0. valdiviana a Mid-styled plant with one 
I stamen practically at the level of the styles: another with a stamen 
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above the level of the styles; and another with four aberrant short 
stamens above the mid-length styles. I did not test these stamens for 
their factorial significance as I had done previously [1, footnote p. 55] 
when I found the aberrant stamen carried the factors for its new position, 
and not of its companions in the same whorl. 

These side issues all require further investigation. They must have 
an important bearing on the main theme of this paper — the inheritance 
of the three forms ; and there for the present we must leave them. 
Mechanically they affect gi'eatly the obvious tests for gametic constitu- 
tion, owing to the usual impossibility of selfing, and of crosses between 
like forms. 

Established Facts* 

In 1905 Bateson and Gregory [2] showed that the two forms of 
Primula were inherited in a straightforward Mendelian manner ; Long- 
styled forms were homozygous and recessive and the heterozygous Short 
was indistinguishable in appearance from the homozygous Short. 

Dahlgren [3] has recently published his numbers obtained in Fago- 
pyrum esculentum, heBj:mg out completely the above interpretation. He 
isolated the heterozygous from the homozygous Short, the one giving 
Shorts only when selfed, the other giving Shorts and Longs. 

In trimorphic species, Darwin's Long-styled plants gave only Long- 
styied offspring ; I have self-fertilized Long-styled plants of both Oxalis 
valdiviana and Lythrum salicaria and have always obtained Long-styled 
offspring only. The Long-styled form is therefore presumably hypostatic 
and homozygous. 

I have already shown [1] that both in Oxalis and in Lythrum the 
cross Long X Short and the reciprocal, and also the cross Long x Mid 
and the reciprocal, give approximate equality of parental forms. In 
Oxalis a small number of the non-parental form did occur (from >8 to 
1'7 per cent.), but this may be explained by insufficiently critical 
methods at the outset L 

The crosses which promised the ultimate solution of the problem 
were those between Mids and Shorts. 

In 1921 G. V. Ubisch [10] discussed my numbers of 1913, and applies 
to them the following bi-factorial scheme : 

Long = ; gametes — at . 

Mid ==aaBb „ = a B . ab, 

Short ,, —Ab*aK 

1 I cannot explain Hildebrand’s resnlts [6]. He grew seed from the six legitimate unions 
of 0. valdiviana and obtained all three forms from each union. 
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It follows that i X 1/ will give 1L:1M\ also that i x ^Sf will give 
\L : 1/S. if X /S will give ah . ab, oh . Ah, aB . abj aB . Ab or IL : Ilf : 2/S, 
a well-established result in Lythrum and Oxalis. One Short will be of 
the original constitution Aabb, but the second will be AaBh, A being 
‘‘ grosser ’’ than B, V. Ubisch further considers the cross Mid x Short, 
where the new type of Short is used. Mid {aB.ah) x Short {A B,Ab. aB, ab) 
will give 

lL(ah.ab):SM(laB,aB, 2aB ,ab):A8 (lAB ,-aB, 2AB,ah, lAh.ab\ 
which ratio has been obtained, both in my previous numbers, and in the 
Tables to follow. I had arrived at a similar explanation of the results, 
but some obvious difficulties stood in the way, and I hoped to remove 
these by experiment before publishing the following results. But as the 
few experiments on Oxalis which I was able to do this year may still 
not remove the objections to be discussed, it seemed best to publish the 
present paper without further delay. 

The chief obstacles to v. Ubisch's hypothesis are as follows : 

1. The derived Short, of constitution which will have gametes 
AB.Ah.aB,ab, when crossed with a Long {ab.ab), should give the ratio 
of 1L:1M :2S. As already stated, Lx 8 and 8xL have always only 
given Longs and Shorts. Ir is true that the Short which on the above 
hypothesis should give all three forms when crossed with a Long, will 
be much more rarely met with than the normal type, but I cannot 
believe this a sufficient explanation. 

A further assumption that in the derived Short AaBb, A and B are 
completely linked in gametogenesis, will remove the difficulty. No Mids 
should appear in the cross AB , ab x ab . ab. But where now is our 
1:8:4 ratio? A Mid x with the derived Short will now be repre- 
sented by 

M {aB ,ab) x 8(AB,ab) 

-=^lL(ab.ab):lM{aB.ab):18{AB:ab)+W 
■A^gain 1L:IM:28. 

But we cannot have it both ways ; we cannot explain the 1 :3:4 ratio 
of Ab . aB X aB ,ab, which assumes the formation of gametes 

AB,Ab,aB,ab, 

and at the same time eliminate the difficulty that such a Short must 
give Mids when crossed with a Long. 

2. The second difficulty applying to the simplest bi-factorial hypo- 
thesis is that an occasional Mid should be met with, giving 

Longs only when crossed with a Long, another result never obtained. 
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3. The Oxcdis numbers of my previous paper are still unexplained. 

4. The conflicting evidence of single cases given below. ^ 

Thus clearly the hypothesis requires further emendation, and until 
we get more experimental fact, the scheme must stand on an admittedly 
weak foundation. 

Numbers obtained in Lythrum salicaria. 

All the following families are derived from two original plants, 
Parent I (Short-style) and Parent II (Mid-style) , 

Cross I. S (Parent I) ? x ilf (Parent II) cT gave 32i : 27 M : 73/S, 

„ II. If (Parent II) ? x /S (Parent I) gave 25A : 29ilf : 66/S. 

Added together we get 57 :56:139, or a near approximation to 
1:1:2 (calc. = 63:63-^ 

Mids from cross 1 were crossed back with Short Parent I. 


TABLE IL 


Mid $ xShort 

Gave 

Long 

Mids 

■ Short 

1/2x1 


19 

23 

44 

1/4x1 

• „ - 

2 

4 

11 ^ 

l/8^xl 


26 

38 

62 

1/9x1 

j- 

■ 7 

14 

24 

1/12x1 

»» 

1 

5 

'.'3 

1/19x1 

»» 

6 . 

5 

4 

1/23x1 



4 

10 

■ U/24x L : ■ 



13 • 

18 

43 

1/25x1 


34 

27 

39 

Sliort?xMidj 





I x 1/25 

5> 

■; jJ.- 

23* 

17 

41 


14* 

20 

34 



14* 

14 

31 



2* 

1 * 

0 


5S 

3* 

,■,5, 

'.■.'.■■■la : . , 


Totals 

56 

" ■ 57 

116 


* All crosses marked with an asterisk were made in 1918, and every precaution was taken 
to avoid error, Families without ah asterisk cannot he considered as critical. The females 
of these asterisked families were emasculated, and the unused tier of pollen was removed 
from the bud of the male parent. This had not been considered necessary in Oxalis 
valdiviana owing to the much greater self-sterility of this plant. The germination of all 
1918 seed showed great improvement over that of previous years. The method was 
adopted of sowing very lightly in the autumn and submitting to frost. 

The grand total of Short I x offspring Mids is 169 Longs, 195 Mids, 
356 Shorts (calc. 180 : 180:860)- In. other words Short I is Aabb, and 
all the Mids are 
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The Shorts derived from cross 1 were crossed back with Mid- 
Parent II. 

TABLE III. 


hort ? X Mid (? 

Gave 

Longs 

Kids 

Shorts 

1/3x11 

j, 

2 

32 

29 

1/5x11 

ft 

1 

1 

4 

1/14x11 

>> 

0 

1 

3 

1/18 X 11 


2 

4 

9 

lid ? X Short 





IIxl/X 

ft 

15* 

17 

42 

» 

tt 

16* 

23 

45 


Totals 

31 

40 

87 

II X 1/3 


12* 

29 

22 

>> 


8* 

28 

41 


Totals 

20 

57 

63 

11x1/5 

tt 

5* 

25 

33 

>} 

n 

7* 

35 

36 


Totals 

12 

60 

69 

11x1/13 

tt 

7* 

25 

37 


19 

10 

20 

18 


ft 

7* 

24 

26 


Totals 

24 

69 

81 

II X 1/14 

tt 

5* 

17 

26 

ft 

>» 

10* 

24 

63 

n 

' ¥ 

11* 

48 

35 


Totals 

26 

89 

124 


* See footnote p. 1B9. 

The total of Mid 11 crossed with derived Shorts is 118 Longs: 
353 Mids:469 Shorts. Probably however these should not all be 
classed together. If we take 1/1 as being a Short of constitution Aa , bb, 
and all the others as being then we get: 

Mid (aaBb) x Short (Aabb) give SIX : 40if : 8^S 
(calc, 39*5i : 39*5Jf : 79/8^^^^^^ 

and Mid (aaBb) x Short (ii(rJS6) 4' reciprocals 

give 87 L : 313#: 382>Sf (calc. .98X : 294#: 392S), 

Thus of the six Shorts chosen at random from the original cross, 
only one was Aabb, and five were AaBk We should expect the latter 
to be in the minority so that the occurrence of five in six is contrary 
to expectation, and rather a large deviation to be accounted for by 
chance. 
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A further point to note in Table III is in the cross II x 1/3, In 
1914 1/3x11 gave 2L : 32M :295^. In 1918 the reciprocal cross was 
made critically (see footnote) and the families raised from two separate 
capsules were counted separately. One gave 12A : 29if : 22>S, and the 
other gave SL :2SM ‘AIS. A similar discrepancy may be seen in the 
capsules of the cross II x 1/13. Such results are discouraging, as they 
are unexplained by the given scheme. But as it is impossible to account 
for them by error, they must take a prominent position amongst the 
other established facts. It seems necessary to infer that some sort of 
patchwork distribution is going on in the plant, causing fairly wide 
deviation from flower to flower, and that only from the accumulation 
of large numbers will the proportion work out correct according to 
expectation. 

A piece of disquieting evidence must now be considered. 

Some few of the jPj, i/’s and 8’s were intercrossed and the following 
numbers show that the simple scheme put forward by v. Ubisch will 
not work. 

Sl/lxM II gives (Table III) 31Z : 40M : 878, 

81/1 X Ml/2 gives 4}L:11M:15S, 

If if’s are all similar then this should be 1:1 : 2. But this last 
family is too small to cause serious anxiety. But more disquieting are 
the following : 

81/3 x Mll gives (Table IH) 20L:5lM:mS, 
and Sl/3 xMl/2 gives 28X:30i/:64a 

Here we get the same 8 giving with* one M the possible 1 : 3 : 4 
ratio, and with another the 1:1:2 ratio. In fact the inference seems 
necessary that the M’s are different, and not in the only way to be 
accounted for in the scheme in its simplest form; that is as aB ah 
and aB aB. 

A further generation (F^) was raised .from the cross II x 1/3. 

■ ' . ■■ . - ' I' : 

Fi 32L 2711 73/Sf 


L 

M 

S 





L 

M 


( 

23 

44 

Ix-^ 

1/2 

1/1 

— xll 

31 

40 

S7 

2 

4 

11 

Ix — 

1/4. 

1/3 

X II 

22 

89 

92= cross 14 

26 

38 

62 

Ix- 

1/8 



(20 

57 

63 critically) 

7 

14 

24 

Ix — 

1/9 

1/6 

— xll 

12 

60 

69 

/ 1 

0 

3 

Ix- 

1/12 

1/13 

— xll 

24 

69 

81 

6 

5 

4 

Ix--- 

1/19 

1/14 

--*xll 

2(3 

89 

124 's. 

5 

4 

10 

Ix — 

1/23 

1/18 

— xIX 

. 2 

4 

9 

13 

18 

43 

Ix — 

1/24 






73 

61 

119 

lx — 

1/25 
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The following table gives an analysis 
cross 14, or • 


TABLE IV. 


of 


the families derived from 


Eeciprocals added 

Parents ' Offspring Parents Offspring together 


Short ? xMidJ 

Loogs 

Mids 

Shorts 

Mid ? X Short <? 

Longs 

Mids 

Shorts Longs 

Mids 

Shorts 

14/4x14/1 

18 

17 

52 

14/1 

X14/4 

6* 

2 

5] 

* 38 

33 

85 


— 

— 

— 


■ — 

5* 

5 

10 




— 

— 


— 

9* 

9 

18 J 




14/4x14/2 

12 

12 

18 

14/2 

X 14/4 

4 

3 

4 

16 

15 , 

22 

UlixUI^ 

5 

4 

15 

14/3 

X 14/4 

25* 

16 

271 


81 



20* 

21 

23 


— 

27* 

21 

45 

- 92 

152 

, — 

^ — 

— 

— 



15* 

19 

42) 




14/5x14/1 


26 

30 

14/1 

xl4/5 

0 

4 

4 

5 

30 

34 

14/5x14/2 

■ __ 

— 


14/2 

xl4/5 

14 

43 

60 

14 

43 

60 

14/5x14/3 

5 

20 

29 

14/3 

xl4/5 

3 

10* 

3 

25 

71 

48J 

i IS" 

48 

84 

14/6x14/1 

8 

7 

11 

14/1 

xl4/6 

— 

— 

— ' 

) 



, — 

12* 

11 

22 


— 

— 


— 

[ '26 

21 

42 


6* 

3 

6 



_ 

„ 


) 



14/6x14/2 

— 

-- 


14/2 

xl4/6 

5 

4 

11 

5 

4 

11 

14/6x14/3 

14* 

17 

31 

14/3 

X14/6 

0 

0 

5^ 




I 



" z 

'Z 


I 

19* 

12* 

20 

13 

25 i 
15 1 

- 53 

67 

84 

— 


— 

— 


— 

8 

17 

"8j 





* See footnote p. 139. 


Clearly the Short 14/5 is differently constituted from 14/4 and 14/6. 
There is no evidence of any difference in the make-up of the Mids. 

Factorially represented, we therefore begin by getting a very com- 
plete representation. 

Short 14/4 (-d[a65) X Mids (aaJS6) gives 

146£ : mM:mS (calc. 1S3-2Z : 133*2itf : 266*5^). 

Short 14/4 was moreover tested with a Long-style, and gave the two 
parental forms only. . 

Short 14/4 X Long (aa65) gives 

19L : OJIf : 18>S^ (calc. 18-5L : OJ^ 

Turning to 14/6, some doubt begins to creep in, 

Short 14/6 {Aabb) x Mids (aaBh) 

gives 84Z : 97M:U7S ' 

Here is a serious lack of Shorts unaccounted for, yet we are con- 
firmed in 14/6's constitution by the cross with a Long-style. 

Short 14/6 (Aabb) x Long (aa66).gave 29L : OM : 228. 
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But now we must face the contradictory evidence about 14/5. 
Assuming that here we have a Short of constitution AaBb, we get : 

Short 14/5 (A ajB6) X Mids (aajB6) 
gives 37i :12lJf: 178 ;S (calc. 42A:126ilf:168/Sf). 

This is an excellent example of 1:3:4 ratio, and it only remained 
to prove that a Short so constituted gave Mids when crossed with a 
Long, to put the factorial scheme upon an experimental basis beyond any 
doubts. But this same Short crossed with a Long gave 29L : QM : 27 S. 
Of course if in the Short 14/5 {AaBh) A and B were linked, then no 
Longs would be expected, as explained on p. 138, But then the 
theoretical explanation of the 1:3:4 ratio must also fall to the ground. 

This conflict of evidence is a very serious implication against the 
theory in its simplest form as put forward by v. Ubisch, and I see no 
means of reconciliation at present. 

As before, it must be noted in Table IV that where several capsules 
resulting from the same cross were sown, considerable divergence appears ^ 
in the resulting families. In the cross 14/3 x 14/4 the three capsules 
gave together 

67X : 561f : 114>S (calc, 59-2i : 59-2ilf: 118-5 5^) 
which we cannot doubt is the 1:1:2 ratio. But taken individually the 
capsules are 

mL:lQMi218, 27X : 21 : 45.Sf and ISZ : 19ilf : 42/8, 

the first and last of which are anomalies when considered separately. 

Self-fertilizations. 

The evidence from self-fertilizations, and illegitimate fertilizations, 
is no more completely satisfying than that already given. Yet in some 
respects the numbers afford strong support to the theory. 

TABLE V. 


Parents 

Year 

Longs 

Mids 

Sborts 

Lxm+sL ... 


8 

0 



X X own m + . 

— 

48 

0 

0 


M x own Z + s 


1 

3 

0 


MxlS ... ... ... 


14 

8 

18 


MxsL ... ... 


17 

8 

0 


Sxown Z+w ... 


1 

0 

8 


SxmL 


4 

0 

8] 

„ 

ilTxown Z+s ... 

__ 

0 

3 

Ox 

SxownZ + m ... ... ... ... 


1 

1 

8 


/S' xown Z+m.(l/l) ... 

1912 

1 

1 

2 


SxlS ... ... ... ... 

■ 

2 


1 


ilTx own Z-fs (26/31) ... ... ... 


3 

^ 9 

0 

^NB 

M X oWn s (long emasculated) (26/15) 

1916 

1 

2 

3 

Jf X own Z (26/15) ... ... ... 

1917 

28 

89 

0 

M X own 1 (s not emasculated) (26/15) 

1918 

16 

74 

1' 
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Inlieritmice in Tinmorpiiic Species 

The preceding table gives my earlier Lythriim numbers, and those 
recorded by Darwin, together with my subsequent families. 

All the numbers given by Darwin are in accordance with the scheme, 
assuming 

L — abab, 
if = aBabf 
S — Abab. 

The illegitimate unions JfxS, if x X, 8xL all give offspring 
according to expectation for the same legitimate unions. 

X selfed gives Longs only, 

if selfed gives IX 3if (expectation IX : 3if), 

S selfed gives IX 8S (expectation IX : 3S). 

My own numbers are not so easily explained, 8 x IS giving 2 : 0 : 1 
could fall into the >S(J.aM) giving 1 :0: 3; and the Sxl-{-mS giving 
1:1:8 could be explained if 8 = AaBb. But the Sl/l which gave 
1:1:2 crossed with a Mid is a serious stumbling-block. For if it can 
"give an if when selfed, we must assume it to be AaBh. Yet in Table II 
we have evidence that it is Aahh when crossed back with Mid Parent II. 
How this conflicting evidence can be explained I do not see. 

The Mid 26/31 gave 3X : 9if exactly according to expectation. 

The Mid 26/15 gave with short pollen IX : 2if : Z8\ with long pollen 
28X : 89if, and with long and possibly some short, 16X : 74ilf : IS". 
What the presence of these Shorts means, I cannot say. Apart from 
them, the numbers 45X:165if agree fairly well with the expectation of 
1 : 3 for selfed. 

Omlis mldiviana, 

I cannot bring my numbers published in 1913 [i. p. 59] 

completely into the above scheme. X x if and X X S and reciprocals 
gave the two parental forms, with a few of the third form, possibly 
errors. 

Dividing the F^MxS and SxMux) into groups, we s'et 
118X:121if:270;8, 

possibly 1:1:2. 

Also 23 X : 23if : 49 clearly 1 :1 : 2. 

Also 6X : 102 if : 101 >S, where there were no X's in the grand- 
parentage. This curious result recurred inXV. Table VI gives a summary 
of the results. Reciprocals are added together. All grand-parents were 
if and 8 only. 

The first result, if x = 0 : 232 : 202 can be explained in the follow- 
ing manner: 

M (aBciB) X 8 (Abab) ^aBAb, aBab, aBAb, aBab or 2if :25f. 
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The second group of results shows a similar ratio to the third Fq 
group. If the S is AaBb, and the gametes Sbre lAB inAb :naB : lab, 
we could explain such ratios. But there is nothing else to warrant the 
assumption of such unequal gametic segregation. 

TABLE VI. 0. valdiviana F^. 



Longs 

Mids 

Shorts 

3IxS 

0 

124 

113 

S xM 

0 

108 

89 

Totals 

0 

232 

202 

MxS 

2 

50 

87 

SxM 

3 

53 

44 

Totals 

5 

103 

131 

MxS 

51 

38 

80 

S xM 

84 

76 

133 

Totals 

135 

114 

213 

MxS 

27 

28 

58 

S X M 

8 

4 

10 

Totals 

35 

32 

68 


In 1913 from the third group, giving 5lL: 3SM:S0S, a further 
generation (F^) was raised giving if 19/4 x SW/1 = OL : 21M : SSS, and 
the reciprocal /S19/1 x ifl9/4 = 0jL: 47 If : 53 /S, again good evidence of 
an If X ^ ratio giving no i's. Note the excess of Shorts. 

'*From the first of these crosses three Mids were selfed. The first 
gave a total of lOi : 44if, or giving the capsules separately : 

Longs Mida 

1 9 

0 2 
4 9 

(26/1) 1 2 

4 15 setting seed spontaneously under cover 

0 l_ 

10 44 

Many of these Mids had abnormal short and long pollen, individual 
stamens growing at heights not in accordance to rule. The seed raised 
from Fg was all lost, as it was kept until 1919 when it was found that 
it had lost its power of germination. 

A second Mid 26/2 gave 2Zr : 7ilf : 45^. 

And a third Mid 26/3 gave IX : 7Jf : 1/S. 

Two of these Mids were also tested when crossed with two different 
Shorts. 


S(S/1) x jf (26/1) gave 

Longs 

0 

Mids 

13 

Shorts 

12 

S (5/1) xM (26/2) 

"'■' -2 

14 

25 

S (5/2) xJtf (26/1) „ 

7 

12 

17 

S(5/2)xitf(26/2)' „ 

10 

3 

15 
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Here we get fair accordance with the belief that 
S5/1 = AhaB and lf26/l = aBah, 

S5/2 = J.6a6 and ilf 26/2 = a5a2>. 

But there is another piece of conflicting evidence. For #26/2 selfed 
gave 4 Shorts, where none were anticipated, and this recurrence of Shorts 
in the selfed Mid families is too frequent to be accounted for by error. 

I also got irrefutable evidence that ilf's can differ in constitution in 
a manner unexplained by the scheme. Four different Mids with the 
same Short gave (reciprocals added together) : 0 : 58 : 59, 0:34: 28, 
8 : 8 : 8, and 10:17:29. These same four Mids, all crossed with another 
Short, gave in the same order 0:57: 44, 0:83:71, 127 : 106 : 205 and 
25:15:39. The two first Mids must of necessity differ from the 
two last. 

The final conclusion of this paper must be the unsatisfactory one 
that the only scheme so far suggested by no means fits all the facts. 
, That Long = mhh, Mid = aaBh, and Short = Aahl — so promisingly simple 
at the outset— cannot possibly be the whole of the story, as observed 
phenomena have testified again and again. Nor will a substituted 
scheme, taking L, M and 8 as Multiple Allelomorphs, take us any 
further, that we can see. 

The above work was carried out at the John Innes Institution, and 
I should like to take this opportunity of expressing my thanks for all 
the facilities that have been afforded me. I should like to thank Miss 
Irma Andersson for her help in 1919; also the members of the Staff 
who have recorded families and collected seed for me when I could not 
be present. 

Whilst this was going through the Press, a further paper has appeared 
by V. Ubisch {Zts. /. Bot xv.), which I cannot discuss here. Our main 
difficulties are unaltered. 
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mmS FEAGAMIA, 

By a W. RICHARDSON. 

Flavour. 

My former system of awarding marks for flavour (Jbwr?z. (jm. Vol. z. 
p. 41) included both bad and poor plants; with their disappearance I 
have modified the marking, giving a wider range, so that a plant with 
fruit of no flavour receives but one mark and a plant, such as Royal 
Sovereign, with fruit of good flavour six marks. 

Family 231. Pedigree, 

chiloensis A Garden Boyal Sovereign Filbert pine King of the Boyal Latest of All 

(1 mark) Variety selfed (7, marks) Ear lies Sovereign (6 — 7 marks) 

I (? marks) (6 marks) I (6—7 marks) (6 marks) [ 

I I I - I I L 

64 (3 marks) 52, 7, 14 (6 marks) 106, 2, 10 (8 marks) 100, 4, I (6 marks) 


208, i?, 20 (6 marks) 213, A, 7 (8 marks) 

, .! [ 

Family 231 

Plants were vigorous and their fruit w’as marked : 1 plant received 
1 mark, 1 — 2, 3 — 3, 1 — 4, 2 — 5, 3 — 6, 4 — 7 and 4 received 8 marks. 

This is the" first family I have raised which produced no fruit of bad 
fla\mur. The degree of excellency ascencj^ fairly steadily. 

A closely related family 232 with parents (the first number denotes 
the family, the letter and last figure the plant) 213, A, 16 x 208, R, 20 
gave similar results, but as the number of plants was small the marking 
was not recorded. 

Family 229. Pedigree, 

chinensis^ chiloensis Royal Sovereign Givon’s late prolific 

(1 mark) (1 mark) (6 marks) (6 marks) 

I I , I 1 

160 large (1 mark) 102, 1, 17 (large 6 marks) 

211, 9 (5^ marks) 213, A, 7 (8 marks) see above 

j , 

Family 229 

1 The use of the name chinensis seems to be justifiable as these are plants reputed 
to be Chinese in America, a reference to which I recently discovered in The Journal of 
Heredity. The plants I have, which were obtained from Eew, are a variety of the large 
species chiloensis. The tJesca and cMioensis species afford a good example of the Law 
of Homologous Series in Variation (/oifm. Gen. Vol. xii, No, 1), both having Alpine, hairy 
coloured-fiowered, double-flowered, forms. 
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Plants were very vigorous and their fruit was marked : 2 -plants re- * 
ceived 1 mark, 3—2, 4—3, 2—4, 4—5, 6—6, 4—7 and 4 received 8 
marks. Hei'e again no plants produced bad fruit. The degree of 
excellency ascends fairly steadily but stops somewhat, about the sixth 
mark. 

When plants are self- fertilised I have found such a large number of 
the descendants produce small fruit, are lacking in stamina and quality, 
and are frequently inclined to be sterile that it has been impossible to 
judge the relative values of the fruit. In all such cases the parent plants 
were selected for good qualities, so it would appear that self-fertilisation 
constitutes a bar to the production of satisfactory families; to what 
extent the mating of brother and sister plants, or flowers, produces a 
similar result I have as yet insufficient data on which to express an 
opinion; but the results of out-crossing seem to be the more satisfac- 
tory. Till a family is produced with fruit of uniform and high excellency 
(say of 8 marks or more) it will be impossible to state accurately the 
number of factors which are concerned in flavour. Up to the present 
I have been unable to judge of the values of small fruit derived from 
such parents as Alpines and mscas^ but there is marked segregation of 
flavour. A cross {vesca x virginiana) x chinensis gave a large family which 
included several with marked vesca flavour, but unfortunately a large 
number of the plants were sterile, or only slightly fertile, so no conclu- 
sions could be drawn ; the donSinance of flavour is however noteworthy 
as both virginiana and ohinemis are without flavour in England. 

Foliage. 

When vesca and elatior plants are crossed with chinensis the re- 
sulting hybrids have different types of foliage, vesca x chinensis resembles 
chinensis, elatior x chinensis, elatior, but in each case the leaves are 
larger than those of either parent plant. So female-sterile are these 
crosses that I have never as yet been able to obtain a viable seed from 
them. The {elatior x chinensis) F^ cxohmA with chinensis gives 
plants with chinensis, elatior and intermediate foliage. The leaf colour, 
shape and substance are not linked. The crosses I have made between 
vesca X chinensis and vesca xchiloensis \iaN% produced little or no good 
pollen and have been female-sterile. From a cross vesca x virginiana, 
producing a virginiana type of foliage in the F^, I have only obtained, 
by self-fertilisation, some dozen plants ; their foliage closely resembles 
that of the Fi, Crossed back with virginiana the Fi gave only virginiaiia- 
like plants; the cross-back with vesca has safar failed. Chinensis x {vesca 
X virginiana) gave a family uniformly dark green but with many different 
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shapes of leaf. A small F.^ family from hermaphrodite j)lants closely 
resembles the in colour, but some plants have thick, leathery leaves 
of the type, whilst others resemble the cross chiloensis x vir- 

giniana, d^ somewhat virginiana intermediate. {Elatior x chimnsis) x vtr- 
giniana gave plants with leaves of virginiana shape and type in general, 
but their colour was intermediate between elatior and virginiana. This 
family flowered this year (1922) for the first time and proved very 
sterile. 

The work done by others in crossing elatior and virginiana (a cross 
I have attempted to make, without result, very many times) seems to- 
have resulted much as vesca x virginiana in producing descendants of 
one type resembling virginiana. In my cross the #2 family was so 
multifoliate that the actual leaf shape was undefined. The fact that 
these plants crossed with chinensis gave various types of foliage points 
to the necessity of a very close examination of the pia.nts, before it can 
be definitely stated that only virginianaAikQ plants are produced. On 
the evidence it is rash to rush to the conclusion that vuginiana x elatior, 
or produces a parthenogenetic form. 

Multifoliate leaved plants, when selfed, do not breed true to the 
character. A plant of 208 family, with extra leaflets well down the leaf 
stalk, was selfed in 1920 and young, vigorous plants were placed in the 
open in 1921; none of these have produced multifoliate leaves up to 
August 1922, The same plant when crossed back with a garden variety 
produced a majority (considerable) of multifoliate plants. Any strong- 
growing cross may have multifoliate leaves, but, as the strength of their 
inbred descendants departs, so the character also seems to vanish, 
which is not the case with flower or fruit-doubling, these characters 
apparently following the ordinary Mendelian rules. The most degraded 
degenerate of a garden plant may have diminutive coxcomby fruit, but 
multifoliate plants are generally vigorous. 

After many endeavours to arrange leaves in some order for classifi- 
cation I have been obliged, up to the present, to give up the idea — the 
difference between one leaf and another may be a matter of personal 
opinion, age of leaf, or time of year. It is possible to say such a leaf is 
of eMoenm type, but it is rash to say such another is of virginiana 
or vesca type. 

Sterility and Fertility. 

When distinct species are crossed only a small percentage of ovules 
are fertilised and the resulting plants are almost completely female- 

Journ. of Gen. xiii 10 
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sterile and as a rule nearly male-sterile. When “ garden ” varieties are 
crossed with pollen from such hybrid parents the resulting plants may 
be graded in respect of male and female sterility, and may be represented 
thus: 

0 0 0 1 2 2 2 1 0 in maleness 

4 i I ^ i i ^ ^ ^ 

0 1 2 2 2 1 0 0 0 in femaleness 

in many cases hermaphrodites do not appear, and in others steriles are 
absent. 

A mating virginwiat^ xvirginima $ gave c? cT > ? 9 and ? a 
? selfed ga.ve 29? ?— 7 $ $ but some of the $ held over to the 

1 

following year, produced flowers one might call 4 > and when examined 

■■ 3 

1 ^ ■ ■ 

after another year they were still 

3 

{Elatior x chmensis) x a garden variety set about 20 of seed, of 
* which a small number germinated. Eleven fully grown plants flowered 
and, after frequent examination for two years, proved to be — 3 steriles, 
1 slightly female, 1 female, 1 slightly male- and female-fertile and 5 
males of various degrees of fertility. The most fertile female when 
mated to brother pollen set 38*67 % of seed, which all germinated (the 
best flower out of 4). When mated with '‘bush Alpine'’ nothing «set. 
When crossed-back with a garden variety 90*3 7o set and germinated. 
The plants of the brother x sister mating are robust, and, after one year 
in the open, seem to be of normal size, but those from the cross-back are 
extra-strong growers of great size. None of these plants have had time 
to flower. The same female pollinated with nilgirensis set nothing. As 
90 of the ovules of a flower frequently produce seed which germinates, 
it is difl&cult to find a reason for the sterility of such a flower 

when crossed with another species. Still more difficult is it to explain 
the fertility of a female when crossed with some pollen and her sterility 
when crossed with other and equally good pollen, 

Rurmerless character. 

The cross runnerless, single and white-flowering x rimnered, double 
and pink-flowering gave in the the expected runnered, single pink. 
The F I selfed, gave 53 runnerless, 130 runnered. When these figures are 
added to those previously obtained from crossing of single flowered 
plants, the total stands — 97 runnerless and 3412 runnered. The figures 
suggest a 3 — h on the average,, but there is great discrepancy between 
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the various families. This may be due to the fact that there is always a 
large loss in the family from sickly plants. I recorded this loss in the 
single runnerless x double runnered which amounted to 85, of which 33 
were traceable to the failure of seed to germinate, and this with only 
183 surviving plants ! Another diflSculty arises, as some plants produce 
flower trusses which change into runners, thereafter sometimes remain- 
ing, strictly speaking, runnerless, and at other times producing normal 
runners. As, I am inclined to think, such flowers invariably occur on 
very tight and tall-foliaged plants, which necessitate the flower-stems 
growing to a gi-eat length, it seems more than likely that the apparent 
change to runners is merely an excessive growth of adventitious roots. 
I have found such root-producing trusses in normal runner-making 
plants and encouraged them to root, but up to the present in vain. There 
are too plants producing runners which flower before they are rooted. 
The bud which produces the flower on the runner is comparable to that 
ip fruit trees which produces the flower on the branch. There seems to 
be no rule in the as to whether a plant shall flower before it makes 
runners or make runners first, in the usual way ; also their time of first 
flowering varies from one month to over a year. In connection with the 
period of time between germination and flowering it is worth noting that 
seed sown in June flowered occasionally in October (under glass) and 
regularly the following summer; whereas similar seed sown in September 
did* not flower the following summer, tlje plants in each case being 
treated in exactly the same way. Vesca and alpina seed generally 
flowers within six months or a year of planting; but I find elatior 
(hautbois) takes twelve to eighteen months, and some American and 
Asiatic light-leaved plants follow the vesca or hautbois example. The 
light-leaved strawberry is, to my mind, a very fine example of the utility 
of naming varieties and the futility of grading them into species, 'sub- 
species and varieties of sub-species. 

To return to the original cross ; the double white runnerless and 
double pink runnerless appeared, but I had to leave my runnerless 
plants before all of them had flowered (eleven months after sowing), so 
actual figures are not to hand and in any case would be too small to be 
of value. The double flowers were frequently of the ‘‘hen and chickens ■’ 
type, a departure from the original white double parent. The introduc- 
tion of the Alpine strain may account for the overflow of vitality in the 
flower, as my former Alpine x cro produced very strong-grow- 
ing plants. 
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Fnit colour. 

Red, dark red and light red are all dominant to white. Red of the 
ordinary vesca or Alpine density is dominant to dark red (so-called 
black) and the lighter shades of red. Up to the present I have no facts 
on the cross light red and dark red. Very light red is constantly con- 
fused with white; fruit from supposed white plants should never be 
gathered till it drops or begins to wither, if accurate information is 
required as to colour. 

Variegation. 

There are, at least, two forms of variegation in the foliage of straw- 
berries, and both fluctuate. Seed sown from the form with white splashed 
leaves produces yellow, green, splashed yellow and green, splashed 
white and green and pure white cotyledons. Seed sown from mottled 
green and yellow produces yellow, green, mottled yellow and green and 
very pale yellow, but apparently no white, cotyledons. All my pure 
y whites and yellows died off after producing one or two leaves; the 
/^splashed” forms also died, but as only a very few appeared, and the 
green splashes were small, it is more than probable that green forms with 
white splashes would survive. Only a small percentage of pollen from 
variegated plants seems good and I have failed to self any plants, making 
use of bags, cages and a protected greenhouse. Tested on three flowers 
of another variety the pollen failed with the exception of two sSeds 
setting on one flower. Whilst one cannot say malnutrition is the cause 
of variegation in strawberries, plants when well nourished develop 
chlorophyll in sufficient quantity to cover the entire leaf ; but frequently 
leaves from such plants are badly developed. Owing to the fluctuating 
character the strawberry is not a good subject for the study of variega- 
tion. 

I regret to say I have been obliged to give up my long association 
with The John Innes Horticultural Institution, as I am about to settle 
in South Africa. Whilst many varieties of Fragaria can be grown in my 
new country, I expect still more will be difficult or impossible to culti- 
vate. I fear too my work on flavour may require some further modifica- 
tions, as I have reason to suppose rapidity in ripening tends to reduce 
flavour; that this may not invariably be the case is more than possible. 
Some flowers seem to lose their scent in South Africa yet others of the 
same species (e.g. Roses) retain their full fragrance. 
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I. Intboduction AND Brief Statement OF Results. 

The experiments herein described form part of a larger series on 
heredity in pigeons, of which three accounts have already been published, 
namely in the P.Z,S, for 1905, Vol. ii. p'. 550, the P, Z.8. for 1908, 
p, 67, and the Journal of Genetics, Vol ii. p. 131. The first of these 
papers deals with the characters of the webbed foot and ‘Vshell,” the 
other two with colour. In the two reports on colour the experiments 
are numbered consecutively, Exps. 1-46 being described in the P. /S., 
and Exps. 47-91 in the Journal of Genetics, reference is made in 
the present report to birds raised in these experiments. 

The crossings with which this account deals were made between wild 
species either mated inter se or with domestic pigeons, and are not 
numbered in series with the rest. 

The experiments were brought to a conclusion by the war, and I had 
hoped that, before publishing an account of them, I should have been 
able to investigate the matter further. As this has not been possible, I 
think it best to give the present account of the crossings as far as they 
were carried. 
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Hybrids of the Stock Dove {0. mnas) and the Woodpigeon ((?. palum- 
bus) respectively with domestic pigeons have from time to time been 
obtained, and descriptions of them have appeared. A notable instance 
was a paper by P. St M. Podmore in the Zoologist for November 1903 
in which he described a fertile hybrid between G, palumhm mA a 
domestic pigeon, which, when mated to a domestic $ , gave a fertile 
$ hybrid. In 1908 he presented to the British Museum a hybrid pro- 
duced from the cT and $ hybrids mentioned in his paper. More recently 
Ghigi^ has succeeded in obtaining fertile cf hybrids from domestic 
pigeons and Ooluniha leuconota, which, when mated to domestic $ s, 
gave offspring fertile inter se. 

I was fortunate in having some undoubtedly pure specimens of the 
Rock Dove (OAina} and, apart from the question of fertility, there thus 
appeared to be a good opportunity of testing further the character of 
the white rump, with which I have already dealt in my second report 
on the inheritance of colour. The other species used, (7. sohimperi (the 
Egyptian Rock Dove), 0. cenas, and G. palumhus, have no white on the 
rump. On the other hand G, palumhus has a patch of white on each side 
of the neck, and a broad edge of white to the wing-coverts, forming a 
conspicuous bar, two characters which are absent in 0 . livia. 

In other respects the species ‘differ in* the colour of the breast, which 
is a rich vinous purple in G. palumhus, and the same colour, though 4n a 
less degree, in 0. cenas. In (7. %ivia, however, there is hardly any tinge of 
vinous, the breast being grey. Again the well-marked black wing bars 
seen in (7. livia are considerably reduced in (7, oe7ias, and completely 
absent in C. palumhus. The species also differ in size, shape and note. 

The other object I had in view was to compare the result of mating 
these various species to white pigeons, with the series of experiments 
already described in the Journal of Genetics on the mating of G. livia to 
white pigeons, with reference to the possibility of other colours or pat- 
terns segregating out. 

The results obtained may be summarised briefly as follows : 

As regards behaviour of the species, the mating of (7. schimperi with 
a domestic pigeon (Exp. 1) was only carried far enough to show the 
readiness with which these birds breed. (7. (Exps. 2-7) also paired 
with (7. livia and domestic pigeons. When mated with domestic pigeons, 
it produced hybrid cfs which were fertile, but bred more readily in their 
second or third year. These hybrid J'b, when themselves mated to 
domestic pigeons, produced a weakly generation, which, however, con- 
^ Mevista Italiana di Ornitologia, 1919 . 
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tained one cT which showed unusual sexual precocity. It was found to 
be difficult to get G, pahimbus to breed either with C. lima, or with 
domestic pigeons (Exps. 8-12). Only one hybrid was obtained from these 
matings, this was ^ and showed no inclination to breed even in its 
second year. 

The shape and, to some extent, the size of G. palumbus was dominant, 
as was also the note and attitude of the male G, oenas, in the Fi hybrids. 
The vinous colour of the breast of G, palumbus and and the 

black wing bars of G, livia ere present in the Fi hybrids, but in less 
degree. The patch of white feathers at the side of the neck of G, palum- 
bus was never developed in the hybrid, but the broad white edge to the 
wing-coverts was present. 

The inheritance of the white rump character of (7. livia gave an alto- 
gether unexpected result. As has previously been shown, this character 
is dominant to the blue rump. The hybrid, however, produced from the 
mating of G. palumbus 's^ith G. lima in Exp. 9, and probably also those 
from the mating of G. oenas with C, livia in Exp. 2, had no white on the 
rump. On the other hand the mating of a white domevStic pigeon to 
G: wnas in Exp. 3 gave F^ hybrids with white on the rump. 

In the mating of (7. osnas with a white domestic pigeon (Exps. 3-7) 
the white character was found to behave as an ordinary Mendelian 
recessive as before. A chequer character, in which the blue feathers of 
the wing-coverts and back are dappled with black, was introduced by 
the white pigeons used, and was again seen to behave as an ordinary 
dominant to the non-chequered form, but the numbers obtained in 
Exp. 7 differ somewhat from the expected ratio. 

As many of the young hybrids died in the nest when only a few days 
old, their sexes were not determined, but, of those that were reared, it 
was noticed that the great majority were male, and, in Exp. 6, a family 
of seven birds was raised, of which every one was liaale. The fact that 
no female hybrid from G oenas ever reached maturity, either in Fi or in 
the generation produced from the mating of Fi with domestic pigeons, 
prevented the. testing of the fertility of the hybrids when mated inter se. 

II. Wild Species used in Expeeiments. 

G. livia cT (a) and 0. livia ^ 26 were both bred in captivity from a 
pair taken at Achill Island. The former was previously used in Exp. 50^ 
the latter had not been mated before. 

Journal of Genetics, Nol, 11, 
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C, schimperi $ was taken from the nest in Egypt. 

G.mnas i (a) and G. cenas ? (6) were bred in captivity from a pair 
taken at Fen Ditton, Cambridgeshire. 

0. palumbus cT (a) and 0. palumhus $ (b) were taken from the nest 
at Fairford, Gloucestershire. 


III. Domestic Pigeons usBD IN Experiments. 

White $ 4 Was raised in Exp. 54\ being in F 2 from a cross between 
a white Fantail $ and a typical G.livia ^ bred from a pair obtained 
from Lincolnshire, the Fi generation being blue chequer with some white 
feathers. This $ was mated to (7, lima ^ (a) in Exp. 50^ and gave two 
blues with white feathers, of which one, Blue w. f. ^ 7 {v, infra) \Yas 
used in Exp. 7 of the present series. 

White ? 9 was raised in Exp. 8^ in Fg from a cross between black 
• Barb and white Fantail pigeons, the Fi and Fg birds in its ancestry being 
black with some white feathers. 

White 5 81 and white ^ 10 were produced in Exp. 66^ from a pair 
of blue chequers with white feathers, derived from the original crosses 
of black Barbs and white Fantails, and also from Lincolnshire (7. livia 
and white Fantail. 

White ^ 53 was raised in ran experiment which has not yet been 
described. As no offspring were produced from its mating, the details 
of its ancestry are unimportant. 

Blue w.f%7 was produced in Exp. 50® from the mating of white $ 4 
with (7. livia ^ (a). It was blue with black wing and tail bars, and had 
some white feathers on the rump and thighs, and also some white flights 
and tertiaries. No trace of chequering was seen. This $ was mated to 
its brother Blue w. f. ^ 6, a bird of exactly similar appearance in Exp. 51® 
and gave 2 typical G, livia^ 4 blue with much white, and 1 white. From 
the results of Exps. 50 and 51 it was presumed that white $ 4 was 
homoxygous for the non-chequer character, but the result of its mating 
with C. cenas in Exp. 3 of the present series suggests that it was hetero- 
zygous for that character, and that, had Exp. 50 been prolonged, chequered 
birds would have appeared. 

The pedigree (p, 158) of the Domestic Pigeons used shows the 


1 Journal of Genetics, Vol. ii. p. 147, 2 144 ^ 

® P. $, 1908, p. 79. 'i Journal of Genetics^ Vol. ii. p. 152. 
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above mentioned birds in heavy type. The following abbreviations 
are used: 

Wh. Fan. = White Fantail. 

Bk Barb —Black Barb. 

Bk w. £ = Black, with some white feathers. 

Blue w. f. = Blue, with some white feathers. 

B. C. = Blue, chequered with black. 

B. 0. w. f. = Blue, chequered with black, and having some 
white feathers. 

IV, Matings. 

Table I shows the twelve matings of C, schimperi, G, cenas said 
G,palumbus respectively to G, livia and domestic pigeons, and the further 
matings of the hybrid offspring. The experiments are arranged for each 
species in the order in which they were made. 

They fall naturally into two classes : 

(1) The mating of wild species together. 

(2) The mating of wild species to domestic pigeons. 

The mating of wild species together is shown in Exps. 2, 9, and 12, 
ancl that of hybrid to a species in Exp. 10. 

The mating of wild species to domestic pigeons is shown in Exps. 1, 
3, 8, and 11, and that of hybrids to domestic pigeons in Exps. 4, 5, and 
6, and of Fg hybrid to domestic pigeon in Exp. 7. 

The table also shows the number of eggs laid by each pair, of young 
hatched, and those reared to maturity. 

V. Behaviour and Fertility op the Wild Species. 

(tt) When mated together. 

1. 0. cenas $ (h) x G. livia (f (a). Exp. 2. 

This pair was mated on February 2. One unfertile egg was laid on 
May 15. Subsequently a pair of eggs was laid which hatched on June 29, 
but the young only survived a few days. G. livia was extremely pug- 
nacious with G. oenas ? , and on two occasions the pair had to be separated 
for a few days. On July 16 the $ died. 

2. G, palumbus $ (6) x C. livia ^ (a). Exp. 9. 

G. palumbus $ (b) x G. livia 26, Exp. 12. 



Pedigree of Domestic Pigeons tised in these Crosses. 



White 9 31 Whited 10 
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The V used in Exp. 9 is the one which had previously produced 
young with 0. oenas ^ in Exp. 2. The birds were naated on March 30, 
the first pair of eggs was laid about June 10, and the second on July 2. 
Both pairs of eggs were unfertile. Of the third pair of eggs, one proved 
unfertile, and the other hatched on August 18, the hybrid ($ 60) being 
reared to maturity. 

During the next two years G. palumhiis % (6) was mated to a white 
domestic cf. (Exp. 11, i^ra.) 

In the fourth year this $ was mated to 0. livia cf 20 (Exp. 12). 
Thirteen eggs were laid, but none of them was fertile. 

Qf) When mated to domestic pigeons, 

1. 0, schimperi J x ivhite 10. Exp. 1. 

This pair was mated on March 6, and eggs were laid about March 26. 
On April 13 the J was found dead on the nest. The eggs were removed 
.to foster parents, but failed to hatch, a dead bird being found in each. 

2. White ^ 4i X G. wnas (a). Exp. 3. 

Mated on February 2, ten eggs were produced by these birds, of 
which eight were fertile. One egg of each of the first two pairs, laid 
respectively on March 14# and April 18, was unfertile. Only two of the 
young reached maturity (hybrid / 13 and hybrid 37) and these were 
used subsequently in later experiments. The fifth pair of eggs was laid 
on July 23, and 0. cmias died on July 31. 

3. White ? 4 X (7. palumhus (a). Exp. 8. 

The ’white $ used in this experiment was that which had produced 
young with C, oenas in Exp. 3 the year before. It was mated to G, palum- 
bus i on March 27, and the pair remained together till August 2. During 
the whole of this period the ^ was never observed to take any notice of 
the $ , and no eggs were laid. 

4. G,palumhus ? (b) x White 53. Exp. 11. 

G, palimbus^ ? (h) had previously produced a hybrid with G, livia ^ 
(a) in Exp. 9 ip, supra). It was mated for two years to White d" 53. 
During the first year no eggs were laid, and during the second, four 
unfertile ones. 

This $ was kept for four years, during which time it was mated to 
three cf‘s, and produced in all 23 eggs, of which only one proved fertile. 
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VI. Behavioue and Fertility of the Hybrids. 

(a) From the mating together of the wild species. 

Hybrid ? 60 from C. palumbiis ^ (b) x G, lima f (a). 

This bird, raised in Exp. 9, showed no inclination to mate. When 
two years old it was put up with 0, livia 26 (Exp. 1 0). The apparently 
took no notice of the hybrid, and no eggs were laid. On dissection the 
ovary was found fully developed. 

(b) From the mating of wild species with domestic pigeons. 
jPi Generation. 

Hybrid d 13 and Hybrid 37. 

These two birds were raised in Exp. 3 from White $ 4 x (7. oenas tf (a), 
and were reared to maturity. Only one (No. 13) showed any inclination 
to pair the following summer. It was therefore mated on August 2 to 
its own mother, White $ 4 (Exp. 4) and two eggs were laid about the 
16th. These were unfertile. The following year it showed no inclination 
to breed, but, in its third year, it was mated to White $ 31 (Exp. 6). 
Eight eggs were laid, of which only one proved unfertile.* Of the seven 
young produced, all but one reached maturity, but only hybrid c/* 1818 
survived during the next summer. ^ 

Hybrid 37 showed no desire to breed until two years old. It was 
then mated to White $ 9 (Exp. 5). Four pairs of eggs resulted, the first 
two pairs being unfertile. One egg of the third and one of the fourth 
pAir were fertile, and two birds were hatched, but that from the third pair 
only survived a week. The bird raised from the fourth pair of eggs lived 
four months. Hybrid f 37 died a fortnight after the last young bird was 
hatched. 

F^ Generation. 

In striking contrast to the behaviour of the i^i cf hybrids was that of 
#2 hybrid </* 1818, produced in Exp. 6, which, although hatched as late as 
August 1, was, nevertheless, seen to make an attempt to tread a $ during 
the same winter. It was put up in the next spring with another hybrid 
which was believed at the time to be $ , but subsequently proved not to 
be so. On August 1 it was mated to a domestic pigeon, Blue w. f. $ 7 
(Exp. 7), and a pair of young was hatched on September 8. After the 
breeding season the pair was separated and remated the fallowing January, 
when they produced five pairs of fertile eggs, the first pjir hatching on 
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February 26, and the last on August 11. No unfertile egg was laid, and 
nine of the twelve young were raised to maturity. 

VII Description of the Hybrids. 

{a) From the mating together of wild species, 

Fx Generation, 

G, mnas $ (6) x G. livia ^ {a), Exp. 2. 

The two hybrids for this cross only survived a few days. The quills 
were dark and suggested that the plumage would have been blue with- 
out the white rump. Unfortunately the weather was hot at the time of 
their death and, when the specimens reached the taxidermist, they were 
found to be unfit for preservation, and so were lost. 

G. palumbus $ (b) x 0. livia </* (a). Hybrid ? 60. Exp. 9. 

In general appearance this bird resembled G, palumbus more closely 
than G, livia. The length was 16 inches; that of the mother being 
17 inches. The length of the neck and characteristic carriage of the 
head of G. palumbus was noticeable in the hybrid. The plumage also 
resembled that of (7. palumbus except that the mantle, breast^ and 
under parts Were of a bluer tinge, and the vinous colour of the breast 
was not so marked. The conspicuous patch of white feathers, seen on 
the neck of the adult G, palumbus after the first moult, was n^ver 
assumed by the hybrid, but, on the other hand, the broad white edge of 
the wing-coverts of the mother was equally developed in the offspring. 
On other parts of the plumage white feathers were entirely absent. The 
rump was slate-grey. The two black wing bars, present in 0. livia but 
absent in G, palumbus, were seen in the hybrid, but the black was not 
nearly so pronounced or extensive as in G, livia. The upper bar was 
present only on the inner part of the wing. The tail feathers were, as 
in G, palumbus, nearly black, except at their bases. 

(6) From the mating of wild species with domestic pigeons, 

Fi Generation, 

$ 4 X 0. cena^ cf Exp. 3. 

The eight birds hatched from this experiment had dark down in the 
nest, and would therefore have had coloured plumage. Only three 
feathei:ed. The remaining five died very soon after hatching. The general 
colour of those which were raised was blue heavily chequered with black 
on the wing-coverts and back, and having some white feathers which 
were especially noticeable on the rump. The vinous colour of the breast 
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of G. wnas could be traced in the hybrids but was not pronounced. The 
black wing bars were present, as also the tail bar. In the case of hybrids 
Nos. 13 and 37, the tail bar was double, this feature being most marked 
on the more external tail feathers. The blue colour between the terminal 
and sub terminal bars was identical with that of the basal part of the 
tail feathers. Hybrid No. 52 died before the tail was fully developed 
and consequently this feature was not visible. A slight bronzing or 
rustiness of some of the black colour was seen, and this did not entirely 
disappear at the first or any subsequent moult, as is frequently the case 
in domestic pigeons when it occurs in the next plumage. 

The white z’ump was a most conspicuous feature in all three hybrids. 
The boundaries of the white patch were not so clearly defined as in 
(7. livia, the edges being irregular, and some coloured feathers were 
present in the midst of the white. The amount of white on the rump 
varied in the three hybrids. In hybrid 13 the extent was about the 
same as in G. Uvia, In the other two it was less. The amount of white 
on other parts of the plumage was direetly proportional to the amount of 
tvhite on the rump. Hybrid f 13 had a few white feathers on the head 
and neck, at the angle of the wings and on the thighs. Hybrid 37 had 
two white feathers on the head and very few on the thighs. Hybrid 52, 
with least white on the rump, had none elsewhere. 

The plumage of these birds was softer than that of G, livia or the 
domestic pigeons, so that they, like 0. cmas, could easily be identified 
by touch. 

In the case of the two hybrid ^fs which were raised to maturity it 
was observed that the note and mating attitude were identical with those 
of 0, cenas, 

Fq Generation, 

White ^ 9 X Hybrid 37. Exp. 5. 

White $ 31 X Fj Hybrid f 13. Exp. 6. 

As will be seen in Table II, two young birds were produced in Exp. 5 
both of which were white. Of the seven raised in Exp. 6, three were 
white and four were blue chequers with some white feathers, making a 
total of four blue chequers to five whites for the two matings. Tbe whites 
resembled their ^ parent in all respects. The coloured birds varied in 
the depth of chequering, one being more lightly marked than the others. 
There was no duplioation of the tail bar. 

In no case did the amount of white on the rump approach that in 
G, livia or in the Fi generation of hybrids, but, as in Exp. 3, the amount 
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of white on other parts of the plumage varied directly with that on the 
rump. The details of the distribution of white feathers were as follows : 

1808. None on rump, very few on thighs. 

„ 1818. 8 on rump, 2 flights, 1 tertiary. 

„ 1828. About 15 on rump, 3 flights and a few on abdomen, 

thighs, and at angle of wing. 

hybrid 1292 was a deformed and very weakly bird. The left 
wing was rudimentary and the left foot consisted of two digits only. It 
died when less tha*n two months old, and the body, when found, had been 
trampled on by other pigeons, so that the details of white markings were 
not clear. 

F^i Generation, 

Blue with some white feathers $ 7 x Jg Hybrid f 1818. Exp. 7. 

Twelve young were obtained from this mating, of which two were 
blue chequers, six blue with black wing and tail bars, and four white. 

. The plumage of the blue chequers resembled that of the birds raised in 
the preceding experiments. The blue birds were not uniform in colouring, 
some being of a darker shade than others, and one (F^ hybrid 2013) 
being conspicuously dark and smoky in plumage. 

As regards white feathers, two showed none either on the rump or 
elsewhere, five showed some white feathers, and one (F^ hybrid 5720) 
had a considerable amount of^white. The details of the distributio*h of 
white feathers, when present, were as follows : 

F^ hybrid 2013. None on rump, 1 on head. 

„ 2014. Few on rump, 8 primaries, 5 tertiaries and few on 

head and thighs. 

„ 5713. None on rump, 2 primaries. 

„ 5716. 2 on rump, few on thighs. 

„ 5717. Few on rump, streak behind each eye, 7 primaries, 

6 tertiaries, and few on thighs. 

„ ,5720. Rump white. Head and throat conspicuously white 

with a few coloured feathers. Ten flight feathers in the right wing and 
eight in the left, together with the tertiaries over them white. Large 
patch of white on the abdomen and thighs, 

VIII. Inheritance of White and Chequering. 

Table II shows the numbers of coloured and white birds obtained 
from the mating of (7. cenas with a white pigeon, as described above. It 
will be observed that the inheritance is according to the usual Men-* 
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delian expectation. In a uniform generation of coloured birds was 
produced (Exp. 3), and these hybrids, mated to whites (Exps. 5 and 6)/ 
gave approximate equality of coloured and white. In Exp. 7 hybrid 
mated to blue containing white, gave a result of practically 3 coloured : 1 
white. 

The chequer character appeared first in Exp. 3 and was presumably 
introduced by white $ 4. Although, as shown in Exp. 50^ this bird 
was not homozygous for the character, still the three hybrids obtained 
were all chequered. The mating of Fi hybrid ^ 13 to white $ 31 in 
Exp. 6 produced no coloured birds without chequering, so we may presume 
this $ also was at least heterozygous in chequering. The mating of F<^ 
chequered hybrid ^ 1818 to a blue $ containing white in Exp. 7, gave 
2 chequers, 6 blues, and 4 whites. Here the number of chequers is low 
and that of blues high, as the thx^ee types would be expected to appear 
from this mating in the proportion of 3 chequers : 3 blues : 2 whites. 
Had the mating been continued it is probable that the figures would 
have approximated more closely to that ratio. 

IX, Inheritance OF THE White Rump. 

I have previously shown that, in breeding 0, livia, the typical white- 
runfped form is dominant to the whole-coloured blue. In the present 
series of experiments, when G, Uvia is hybridised with G, palumbus (Exp. 9) 
and probably also with G, oe^ias (Exp. 2) the reverse is the case. On the 
other hand white $ 4 mated to G. cenas ^ in Exp. 3, gave young with 
white feathers on the rump. 

We may presume that white ? 4 was at least heterozygous for the 
white-rump character, and its ancestry shows this to be possible, it being 
produced in F^ from a cross between a typical Q. Zma and a white 
Fantail, but in the later matings of this series (Exps. 6 and 7) no bird 
was produced showing the white rump of Q. Uvia, the white feathers 
being distributed as already described. In'Exp. 7, however, two coloured 
birds were produced showing no white feathers. ; 

In the case of whole-coloured pigeons (black Barbs) mated to whites, 
the generation obtained was black with some white feathers on the 
rump and elsewhere (see P. -Z'.jS. 1908, p. 77, Table I), these giving in 
Pg whole-coloured birds, coloured birds with white feathers^ and whites. 
The fact that coloured birds carrying white generally show a certain 

1 Journal of Genetics^ Yol. ii. pj). 144 s<|.. 
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amount of white in their plumage, more especially on the rump, tends 
to obscure the inheritance of the rump character. 

X. The Sex-ratio OF THE Hybrids. 

It is a matter for regret that the sex of every hybrid was not ascer- 
tained by dissection. This, however, was not done, as, in the earlier 
experiments many of the young hybrids died soon after hatching, in my 
absence, and were not preserved. Also, when the birds from the last 
experiment were killed, I was unable to be present and so no dissections 
were made. 

Of the 31 hybrids from the cross with 0. mnaSy the sexes of 14 only 
were determined. These however show a very great preponderance of 
males, the total numbers being twelve males to two females. The two 
birds reared in the generation (Exp. 3) were both male, and when 
they were mated to domestic pigeons, in Exps. 5 and 6, only male offspring 
" were reared, thus giving no opportunity for testing the fertility of the 
hybrids when mated inter se. In Exp. 5 one bird was hatched which 
proved to be female, but it did not survive long enough to be mated. In 
Exp. 6 the seven birds hatched were male, thus giving for that generation 
seven males, one female and one undetermind. The Fo, hybrid mated to 
a domestic pigeon in Exp. 7 gave a family of twelve, but the sexes of 
only four of these were ascertained, of which three proved to be male and 
one female. 

In the cross with O, palumhus the only hybrid hatched was female, 
and showed no inclination to mate. 

Doncaster^ has pointed out the frequency with which excess of males 
is produced in hybrid offspring, and gives instances of this in pheasants 
and ducks among birds^ The results here obtained suggest a similar 
deviation from equality in the case of hybrid pigeons. 

XI. Conclusion. 

I am indebted to Sir Eeginald Oakes Bait for the specimen of 
a schimperi and to the late Mr J, L. Bonhote for those of 0. and 
0. oenas used in these experiments. 

1 The determination of Sex f 1914, p. 86. 

® Of. also Haldane, J, B. S. tTouTtial of Genetics, Vol. xii. Pti^# 



ON THE GENETIC ANALYSIS OF A HETEEOZY- 
GOTIO PLANT OF SCOLOPENDRIUM VULGARE, 

By william H. LANG, F.R.S. 

Professor of Gryptogmiic Botany in the University of Manchester, 

(With Plates IV, V.) 

There is as yet little, if any, accurate knowledge regarding the 
course of inheritance of characters in the lower plants, almost all critical 
work having so far been done on the Flowering Plants that produce 
seeds. The study of genetics is, however, possible in the Ferns^ and not 
only affords scope for testing conclusions drawn from seed-bearing plants 
but presents problems peculiar to plants in which the sexual generation 
is physiologically independent. The methods to be employed will differ 
somewhat from those followed in studying flowering plants in accordance 
with the difference in the life-history. The desirability of extending 
the study of plant genetics to lower plants*seems to justify the account 
of an investigation, which (though the results are apparent in their 
main lines) is still in progress. 

The study of the plant of Scolopendrium vulgare to which these 
notes relate was begun some six years ago but has not been systema- 
tically pursued throughout this period. In 1916, at my suggestion, 
Miss M. Edmonds made sowings from a large plant of the Common 
Hartstongue Fern which had been growing in the Moss-House of the 
Manchester University Experimental Grounds for a number of years. 
The object proposed was to ascertain if deviations from the normal type 
oi Scolopendrium would appear when a large number of plants were 
raised. There was no suspicion in using this plant, which was at hand, 
that it was other than normal. It is believed to be one of a number 
collected near Skibbereen. Co. Cork, when the Moss House was being 
stocked; but its origin and past history for the purposes "of scientific 
study must be regarded as unknown. It was a robust, entire-leaved 

^ Of. the paper by Miss I. Andersson {Journal of Genetics j Juii, p. 1) published while 
this paper wa^ in the press and referred to further below. 
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plant oi SGolopendriim vulgare with an occasional indication of division 
at the extreme tip of a frond, as is often noticed in plants growing wild. 
A normal progeny, with at most the chance of detecting an occasional 
variant or mutation, was anticipated. 

Several pots were sown with the spores and the surface of the soil 
became covered with the numerous prothalli ; but as the young plants 
borne oh these grew up it was evident that they included a considerable 
proportion unlike the normal type of the original plant. The majority 
of the plants resembled this in having entire leaves ; the others had 
the leaves narrower and more or less cleft or incised at the margin 
presenting a very different appearance which was retained as they grew 
up. Owing to the departure of Miss Edmonds from Manchester the 
work was suspended at this stage; the original plant and a few of its 
descendants both of the entire-leaved and the incised-leaved types being 
preserved as pot plants, 

I am indebted to Miss Edmonds for carrying out these preliminary 
cultures and for handing over to me her notes relating to the few plants 
that were grown on. I wish further to express my thanks to Mr E. Ashby 
for the care he has taken of the experiments since the work was resumed 
in 1919. 

Before entering on the results of these more systematic cultures a 
brief description may be given of the original plant and of thes^ two 
types that were raised from i\ The differential characters are given by 
the form of the leaves. 

The original plant had, as already stated, the appearance of a 
strongly grown individual of the species. It had grown for a number 
of years sending up crowns of leaves that always retained the normal 
shape and outline, except for occasional slight division at the extreme 
tip, and were abundantly fertile. The large plant died in the winter of 
1919-1920 but a plant grown from a branch or bud borne on it was 
saved. The two leaves from this, represented in Fig. 1, give a fair idea 
of the characteristics of the plant under investigation, though they were 
not of the size attained when the large plant was in full vigour. 

Another leaf represented in Fig. 2 a shows a tendency to branching 
or sub-division at the extreme tip; this property had, as already 
mentioned, been noticed occasionally, but it was infrequent and never 
disturbed the normal appearance of the plant as a whole. The leaf 
represented in Fig. 26 was removed from the plant at the same time 
and is of considerable interest. As the photograph shows the two halves 
of the leaf are unlike. The right-hand half in the figure agrees with 
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the leaves of normal appearance characteristic of this plant, the lamina 
is broad, the margin entire and the veins do not anastomose. In the 
left half the lamina is narrower with indications of incisions marking 
off lobes, and, in relation to this, the venation was irregular, with 
anastomoses. The two halves of this leaf in fact agree respectively with 
the entire-leaved and incised-leaved individuals into which the progeny 
derived from spores of this plant will be shown below to segregate. It 
is natural, therefore, to interpret this solitary leaf as an example of 
somatic segregation of these characters. 

Many of the plants produced on prothalli grown from the spores 
were like the parent. This agreement is shown by the two leaves in 
Fig. 3, one of which further shows the tendency to division at the tip 
which was as infrequent in the fully grown descendants as in the original 
plant. 

The incised-leaved descendants when full grown contrasted with this 
normal form of leaf in the way shown in Fig. 4. The leaf-blade as a 
whole was distinctly narrower and its margin was characteristically, and 
more or less deeply, incised or lobed, besides being distinctly crenate 
with small rounded teeth corresponding to the ends of the veins. The 
double sori, as has been described for forms of this typeb tend to fall 
between the lobes so that the single sori of the pair continue along the 
opposed sides of the incision. All the incised-leaved plants agreed in 
these characters and presented as a result a common appearance con- 
trasting with the entire-leaved plants. The leaves exhibited some 
differences in outline, however, some continuing into a tapering lobed 
tip and others having a widened, rounded, lobed termination. While 
this gave some appearance of variety to the incised-leaved plants, little 
if any significance can be attached to the differences ; for the different 
types of leaf may occur on the same plant (Fig. 4). In the case of the 
leaves with a widened, rounded but incised summit, the veins and sori 
diverge from a point behind this that corresponds to the arrested end 
of the frond. This sometimes continues into a pointed tip or horn which 
may project on the lower side or on the upper side of the frond. These, 
and the incised margin, are characters met with in varieties of >ScoZo- 
pendriwii to which descriptive names are applied. 

In 1919 sowings were made from spores of the original plant; of 
two of the incised-leaved descendants of the first culture ; and of two 
of the entire-leaved descendants of the first culture. The spores were 
1 Bower, ‘^Studies in the Phylogeny of the Pilieales. lY.” Ann. BoU Vol. xxvm. 
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sown, with due precautions to ensure purity, fairly closely on the soil, 
and when the prothalli had developed the cultures were watered from 
above and fertilisation allowed to take place without any isolation or 
control By February 1920 there were numerous young plants but 
they were too young and small to allow of any decision as to the results 
of the experiment. Preliminary estimates, which were confirmed later, 
could be made by August when the plants were about a year old. The 
results to be given below were obtained by pricking out the young 
plants in the autumn of 1920; by July 1921 they were well grown and 
beginning to bear sporangia. 

The culture of spores from the original plant confirmed the earlier 
experiment. Many of the resulting plants were entire-leaved but there 
was an evident proportion of plants with incised leaves in all the pots. 
Examples of these at the time of counting are represented in Figs. 5 
and 6: 201 plants were thus obtained of which 147 were entire-leaved 
while 54 had incised leaves. This is a proportion of 73 entire-leaved 
to 27 °/o incised-leaved, which is highly suggestive of a simple Mendelian 
segregation having taken place. It will be found to be confirmed by 
other cultures and will be discussed later. 

It should be added that about one half of the plants, both entire- 
leaved and incised, in this experiment showed more or less forking of 
some of their leaves I Since this character, which was noted im the 
parent, had not segregated and since it always tended to be outgrown 
and not manifested in the adult plants, it is left on one side for the present. 

Both the incised-leaved plants from the first culture bred perfectly 
true, all the plants in the cultures being incised-leaved. The fact that 
the inciseddeaved character came true 'was evident at a glance in these 
cultures, the numbers of plants grown from them and counted were 101 
and 96. Forked or partly divided leaves were found in a large propor- 
tion of the young plants which however grew out of this as they became 
full sized. 

There was a minor difference in the behaviour of the cultures of the 
two inciseddeaved plants. In the one case the leaves were narrow and 
incised throughout and the character was perceptible in quite young 
plants (Fig. 7). In the other the leaves of the young plants often 
appeared as if almost normal and only gradually assumed the uniformly 
incised character (Fig, 8); the adult leaves of this plant are shown in 
Fig. 4 and are typically incised. 

i The actual number of plants of this character was 69 of the 147 entire^leaved and 
28 of the 54 incised-leaved. No importance can be attached to these numbers however. 
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The two entire -leaved plants derived from the original culture also 
behaved alike on their spores being sown ; they both proved to resemble 
the original plant in their genetic constitution. From the culture of 
one plant of them 76 plants were raised for counting; of these 55 
(= 72 7o) were entire-leaved and 21 (==28 7o) incised-leaved Some 
plants of this culture had divided leaves but the number was not 
recorded. From the other plant a larger crop was raised: of the 255 
plants, 193 (— 76 7o) were entire-leaved and 62 (=247o) incised-leaved. 
Indications of branching of the fronds were noticed in 104 of the entire- 
leaved and in 16 of the incised-leaved plants. 

When these cultures are considered a very clear result is apparent 
as regards the characters expressed by the terms entire-leaved and 
incised-leaved. In the culture of. closely sown spores of the original 
plant these two types appeared in a proportion closely approximating 
to 3 : 1, The incised-leaved descendants that have been tested breed 
true. The tw^o entire-leaved descendants of the original plant that have ^ 
been tested agreed with the latter in yielding entire-leaved and incised- 
leaved plants in the ratio 3 : 1. These results suggest strongly, though 
they do not conclusively prove, that the original plant is to be regarded 
as of heterozygotic nature, segregating on spore formation as regards 
the characters entire-leaved and incised-leaved according to the simple 
Mendelian ratio. How the origin of tMs nature of the original plant 
came about must remain unknown. Its genetic behaviour like a hybrid 
of the Fi generation is, however, clear. The incised-leaved progeny 
breed true like extracted recessives. The entire-leaved descendants so 
far tested have proved to possess the same hybrid nature as the parent, 
the entire-leaved character being dominant over the incised-leaved. 

The missing case, so far as these cultures go, is that of the pure 
dominant form with entire leaves. Plants of this kind cannot be dis- 
tinguished by mere inspection from the plants of hybrid nature. They 
would, presumably, be discovered if a sufBcient number of individuals 
of the entire-leaved type were bred. If, however, the course of the life- 
history of the fern is considered, a more direct way becomes evident ; 
and since this is of wide application to genetic studies in the lower 
plants it is worth while to make it clear for this particular case. 

The fern plant which is composed of diploid cells forms spores ; from 
a diploid spore-mother-cell in which the reduction division occurs a 
tetrad of four haploid spores is produced. Unlike the state of affairs in 
the flowering plant the spores are all of one kind and are shed freely 
from the plant. Any one spore can give rise to male and female sexual 
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cells on the haploid prothallus into which it developes; it can thus 
produce diploid plants sexually without needing to be associated with 
the product of another spore. 

It may be assumed that segregation of characters would normally 
take place at spore formation and that in the case of two allelomorphic 
characters these would be carried by the two pairs of spores of the tetrad 
respectively. Applied to the plant under consideration, this would mean 
that one half the spores would carry the entire-leaved and one half the 
incised-leaved characters ; and these characters would be carried by all 
the sexual cells (eggs and spermatozoids) produced by the prothallial 
growth, however extensive, derived from a spore of the one or other 
kind. 

In the closely sown ciiltures 50 7o t^e prothalli would thus carry 
the one character and 50 the other. The chance mating on which 
the appearance of progeny in the Mendelian ratio depends is of the eggs 
^ and spermatozoids. It might have been expected that self-fertilisation 
would be so preponderant in a culture of prothalli that this ratio would 
not appear. The fact that in the crowded prothallial cultures from 
spores of this plant the sporophytes are produced in numbers which 
agree closely with the simple Mendelian ratio implies that mating 
among the sexual cells is governed by chance. The extracted recessives, 
representing 26 of the chances, have been recognised ; it is at present 
an assumption, though a highly probable one, that the 75 7o of entire- 
leaved plants include 25 7o pure dominant as well as the heterozygotic 
or hybrid type with the entire-leaved character dominant that has been 
recognised by breeding. 

If instead of allowing the prothalli to grow together in a mixed 
culture they are isolated and cultivated singly in small pots, the diploid 
fern plants borne on each of the prothalli should be pure as regards the 
character earned by the single spore which gave rise to the latter. 
Since such isolated prothalli enlarge and multiply by branching, a con- 
siderable number of sporophytes of the same genetic constitution are 
often obtained from one spore. It is unnecessary to enlarge on the 
powers this simple technique gives in studying plants like the homo- 
sporous ferns, but it is worth while stating it explicitly. 

The first steps in applying this method to the fern that is the subject 
of the investigation have been made. A number of prothalli developed 
from spores of the original plant have been isolated in small pots. The 
prothalli increased in size and branched. Fern plants have been produced 
on these prothalli in some cases more than 20 having been raised from 
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the prothallus derived from a single spore. All the plants borne on one 
prothallus are of the same kind but some of the isolated prothalli bear 
entire-leaved plants (Fig, 9) and others incised-leaved (Fig. 10). The 
numbers yet obtained are insufficient for determining the numerical 
proportion of the two types of spores, the anticipation is that they 
would be equal If the interpretation of the original plant as of the 
nature of a hybrid segregating the entire-leaved and incised-leaved 
characters is correct, not only all the incised-leaved plants obtained 
from isolated prothalli, but all the entire-leaved also should breed true. 
The young plants are only commencing to bear fertile leaves so that- by 
this method it will be more than a year before the answer to this 
question can be obtained. 

The further description of the morphological and anatomical char- 
acters of the segregating types of plant in this fern, and (though this 
is hardly likely to be found) of any recognisable differences in the 
prothalli may be deferred until the pure, entire-leaved plants have been ^ 
obtained. 

The question just mentioned of the relation between characters of 
the haploid gametophyte and those of the diploid sporophyte, is evidently 
of considerable interest. It has already been raised by Professor Bateson 
for a variegated Adiantum Capillus- Veneris j in a rather special form 
since the character concerns the plastids; the first full account of the 
work on this fern by Miss I. Andersson^ was published in the last number 
of this Journal. 

The'‘methods of genetic analysis which are thus being worked out for 
Ferns in which the haploid generation though independent is relatively 
small and simple will apply to such plants as the Liverworts and Mosses, 
In the case of these plants, however, the specific characteristics are 
largely given by the sexual generation and the inheritance of the 
characters of this bears directly on the origin of specific forms in the 
group. Every combination of characters carried by a spore is, pre- 
sumably, purely extracted since the haploid generation on theoretical 
grounds cannot be heterozygotic. Since the powers of vegetative growth 
and extension of the sexual generation from a single spore is very great 
in the Bryophyta, the possibility that occasional hybridisation may have 

^ Inna Andersson, “ The Genetics of Variegation in a Fern/' Journal of GmeUcs, Vol. 
xiir. pp. 1 — 11. The references to earlier statements by Bateson are given in this paper, 
which also deals with the special methods employed in studying a fern. The particular 
case of the mheritance of variegation in has such peculiar features that no 

purpose would be served by a detailed comparison with the apparently straightforward 
case of segregation described here. 
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played an important part in the origin of new combinations of characters 
is very apparent for these plants. Up to the present, however, progeny 
appears never to have been raised from the spores of any of the hybrid 
Mosses that have been described. The same can, however, be said of the 
hybrid Ferns but the case of Mendelian segregation here described and 
that under investigation at the John Innes Horticultural Institution 
indicate that this group provides a practicable field for the extension of 
genetic studies to the lower plants. 

SUMMAEY. 

1. A normal looking plant of Scolopendriimi vulgare of unknown 
origin proved, when its spores were sown, to be heterozygotic, and to 
behave like a hybrid plant of the Fi generation. 

2. The progeny when the spores were sown together showed segre- 
^gation of the entire-leaved and incised-leaved characters. There were 

about 75 ‘"/q of the former and 25 % of the latter type. 

3. The incised-leaved plants bred true, behaving like extracted 
recessives. 

4. The two entire- leaved plants of the generation that have been 
bred from have segregated in the same way as the original plant. They 
behave as impure dominants ; •the entire-leaved character being com- 
pletely dominant to the incised-leaved. 

5. Pure dominant plants have not so far been proved to be» present 
in the generation, though there is no reason to suspect their absence. 

6. Isolated single prothalli produce either entire-leaved or incised- 
leaved plants, not both. Assuming that segregation occurred at spore 
formation, plants thus obtained should be genetically pure. This is the 
most direct method of obtaining all possible pure combinations in a 
homosporous fern. It also applies to the genetic study of the Bryophyta. 

7. The original plant showed somatic segregation of the entire- 
leaved and incised-leaved characters in the two halves of one leaf. 

Barkek Cryptogamic Research LABORAroEy, 

University op Manchester. 
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DESCRIPTION OF FIGURES. 

All reduced 3| times. 

PLATE IV. 

Fig. 1. Two leaves of the original plant under investigation corresponding to a plant of 
the jPi generation. 

Fig. 2. Two small leaves of a bud or branch of the original plant. 

(a) shows the normal entire form and also an indication of sub-division at the tip. 

(b) shows somatic segregation of the incised-leaved character (to the left) the right 
half preserving the normal entire character. 

Fig. 3. The leaves of a plant (50) of the Fq generation showing the entire-leaved character 
of the impure dominants. The leaf on the left has an indication of sub-division at 
the tip. 

Fig. 4. Three leaves of a plant (26) of the Fg generation showing the incised-leaved 
character of the extracted recessive. The variety in shape of the termination of the 
leaf is represented in these leaves. 


PLATE V. 

Fig. 5. Entire-leaved young plant of the Fq generation. 

Fig. 6. Incised-leaved young plant of the Fq generation. 

Fig. 7. Leaves of incised-leaved young plants of the Fg generation (from plant 29) showing 
the early definition of the character. 

Fig^ 8. Leaves of incised-leaved young plants of the Fg generation (from plant 26) showing 
the longer retention of a partially entire margya in some of the leaves. 

Fig. 9. Entire leaves of young plant from isolated prothallus ; presumably pure dominant. 
Fig. 10. Incised leaves of young plant from isolated prothallus ; presumably pure recessive. 




GENETIC STUDIES IN POTATOES ; THE INHEKIT- 
ANCE OF IMMUNITY TO WART DISEASE. 

By E. N. SALAMAN, M.A., M.D., and J. W. LESLEY, M.A. 

A PBELIMINAKY account of the work undertaken by the joint authors 
to elucidate the inheritance of immunity to wart disease by the potato 
was read before the International Potato Conference in November 1921. 
Since then another year’s results are to hand, and the combined results 
are such as to support in general the views put forward on that occasion. 
Notwithstanding the fact that unresolved difSculties still present them- 
selves, the importance of the problem under investigation is such that 
it seems desirable to put forward the facts and the conclusions to which 
they have led, without further delay. This course seems the more 
advisable when it is remembered that to carry out a test for wart on 
any particular desired mating requires at least three years to obtain a 
tentative result and a further year to confirm it, 

^It is generally recognised that once the immunity of a variety is 
established it has never been found t® break down. The immunity 
is under the conditions of normal horticulture constant. Professor 
Schaffnit (1) has stated that degenerate plants of a hitherto immune 
variety will succumb to wart disease under normal conditions. We 
have found no evidence of such an occurrence during the ten years in 
which trials for wart immunity have been conducted at Ormskirk. 
Indeed, Sutton’s Abundance has retained its immunity, under trial, for 
14 consecutive years. We have, however, very frequently found rogues 
in immune stocks which have succumbed and which, had they not been 
identified by constant inspection during the growing period, would have 
been overlooked and given rise to just such a view as Professor Schaffnit 
advances. At Ormskirk it has been laid down that a trial in two con- 
secutive years is necessary to determine the existence of immunity, and 
that the number of plants examined should not be less than forty. The 
experience we have gained undoubtedly supports this view, and although 
forty plants may be greater than is really essential, it is a wise measure 
of precaution. There are several conditions which affect the incidence 
of the disease in a susceptible variety. It is, above all, necessary that 
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the soil should be thoroughly infected with the spores of the pathogen, 
Syncliytriim endobioticmn, Schilb. Perc. This is assured at Ormskirk. 
The plants should be well grown and healthy. Infection with the virus 
diseases such as Leaf Roll and Mosaic, if severe, will produce such feeble 
plants with tubers so small and few that they may escape infection 
or at least the infection may escape detection. The effect of virus 
diseases is to hasten the maturity of the plant and this early ripening is 
to a considerable extent a protection against attack, especially in a cold 
and dry season. Not least important, as the season of 1921 taught, is that 
the rainfall should be normal, as moisture hastens and increases infection, 
whilst drought may so hinder the growth of the organism as to allow 
many susceptible plants to escape. This was exemplified in a very 
marked way in our cultures in 1921 and 1922. In the latter year all 
those which escaped infection in the abnormally warm dry season of 1921 
were replanted and the result showed that many of those stocks grown 
in the open field which had so escaped fell readily to the disease in the 
cooler and moister season of 1922. On the other hand, certain extremely 
vigorous families were grown in 1921 in a small highly infected garden 
which, owing to trees and hedges and the very rich deep soil, had been 
protected from the intense heat and consequent evaporation which had 
taken place generally in the open in that year. In a family of 79 indi- 
viduals, 76 were free from wart and not one of the 76 succumbed wl^n 
grown in the trial grounds again in 1922. The families 318R&/20 and 
321R&/20, both very vigorous, were also grown in this garden and although 
the non-warted seedlings of 1921 were not regrown in 1922, there is 
probably no reason to doubt the substantial accuracy of the figures then 
obtained. In the case of all the families which did not enjoy such excep- 
tional advantages it was found that a considerable modification of the 
1921 result was occasioned by the further test undertaken in 1922. The 
incidence of wart disease in 1922 was most severe and it is unlikely 
that the results obtained would be materially altered by a further 
year's test. 

The series of families tested for their susceptibility or otherwise to 
wart disease arose from fertilizations made by hand under parchment 
paper bags and with all precautions. The families fall into six groups, 
seedlings of immune parents selfed, seedlings arising from the mating 
of two different immunes, seedlings of susceptible selfed parents, seed- 
lings arising from the mating of two different susceptibles, seedlings of 
the mating immune by susceptible and, finally, seedlings of the mating 
susceptible by immune. 
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An examination of the tables reveals at once the fact that whereas 
an immune selfed or mated to another may produce, as found in one 
family, all immunes, it generally gives rise to a large majority of 
immimes and to a^ minority of susceptibles. On the other hand, sus- 
ceptibles, with one notable exception, give rise to families composed 
entirely of susceptibles or at most contain a few per cent, of non-warted 
individuals. It can be accepted at once that immunity is dominant 
and susceptibility recessive. This view is directly opposed to that of 
Collins (2) who, however, at that time was not in possession of any con- 
sistent body of first hand facts, but it is in agreement with the indications 
obtained by Orton and Weiss (3). 

Table II, giving the mating of the two immunes, Kerr’s Pink and 
Champion the Second, deals with a family of 79 individuals who have 
been tested thoroughly in two consecutive years and the result may be 
taken as absolutely reliable. The ratio of 3 susceptible to 76 immune 
suggests at once a 1 : 15 ratio brought about by two factors indepen- 
dently capable of inducing immunity. We may call these factors X and 
F. The existence of a 1:15 ratio is also supported by the evidence 
afforded in the mating of the Flourball seedling (3(7623) Table I. 

TABLE 1. 


Immune Selfed. 


• 


Number of 
fJeedlings 

Non- 




Name 

Class Number 

Tested 

warted 

Susceptible 

Dead 

Flourball Seedling 

3C6/19, 6 06/21 

10 

6 

3 


1 

»> jj 

3 06/19, 23 06/21 

26 

22 

3 


1 

Leinster Wonder 

307 B6/20 

18 

H 10 


8 

0 

n > > . . • 

307 06/20 

81 

5) 

3) 

0 

Leinster Wonder Seedling 

307 06/20, 4 06/21 

12 

9 

0 


3 

*G-olden Wonder x Leinster) 
Wonder Seedling \ 

305 06/20, 125/21 

9 

9 

0 


0 

Majestic ... 

309B6/21 

25 

10 

9 


6 

Edzell Blue ... ... 

302Btc/20 

13 ) 

22 


6 

0 

,, 

302 0^/20 

15) 

10) 

5) 


0 

Edgecote Purple x Edzell ) 
Blue Seedling 5 

315 06/20, 31 06/21 

13 

10 

3 


0 


* Only this relatively small proportion of the family was tested. 

TABLE II. 

Immune X Immune. 


Number of 
SeedliugB' "Non-''' 

Name Class Number Tested warted Susceptible Dead 

Kerr’s Pink X Champion 11 ... 306 jB6/20 79 76 3 0 

*G-olden Wonder X Leinster Wonder d05 0bl20 27 18 9 0 

* Only this relatively small proportion of the family was tested. 
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The late John Snell (4) undertook some experiments on the inherit- 
ance of wart in 1919. The seedlings were raised from natural berries. 
The notes containing Mr SnelFs observations came into the hands of 
Mr W. Cuthbertson, from whose published letter the following facts are 
taken. The results from the following selfed plants, viz. Priory Queen, 
Favourite and Admiral, all synonyms of and doubtless identical with 
Abundance, showed 7 to be warted out of 80, figures again suggesting 
a 1 : 15 ratio. Possibly also Flourball is an XxYy plant because we 
have seedlings of it giving indications of both a 1 : 3 and a 1 : 15 family 
ratio derived from it- (See Table L) In addition to an immune plant 
having a formula XxYy, the selfed immunes in Table I give at least 
one clear example of a 3 :1 ratio — such immunes having the formula 
Xxyy OT xxYy, Whilst the families of pure immunes derived from 
Leinster Wonder and Golden Wonder x Leinster Wonder Fa seed- 
lings, though small, are evidence of some weight in favour of the 
existence of a homozygous immune plant, none of the six crosses of 
immune and susceptible produce a family of all immunes which points 
to the relative rarity of the homozygous immune parent. 

If we regard the families 307(76,405 and 30506 125 as homozygous 
types they would presumably have the formula XX FF. To these may 
be added the types Xx yy or xx Yy which have already been identified. 

There are, however, two immune parents which do not fit intodihis 
scheme, viz,, Majestic and Leinster Wonder. The family of Majestic 
tested at Ormskirk in 1922 produced 10 immunes to 9 susceptibles. 
These numbers would not by themselves carry very much weight were 
it not that in the notes of the late J. Snell already alluded to. Majestic 
seedlings obtained from natural berries behaved in an almost identical 
manner, viz. 38 non-warted to 22 susceptible. The combined numbers 
would be 48: 31, a close approximation to a 9 : 7 ratio which is not to 
be expected from the presence of two factors either of which, acting 
independently, can confer immunity. Similarly, Leinster Wonder selfed 
produced 10 non-warted to 8 susceptible individuals, a result which, in 
view of the Majestic findings, must be considered of some significance. 
The deviations from a 3:1 ratio are approximately three times the 
standard error which, together with the fact that both families exhibit 
ratios which approximate to 9 : 7, suggests the existence of two factors 
which produce immunity only when both are present. If, therefore, 
adhering to the two factors X and F which independently were assumed 
capable of inducing immunity to wart, we make the further assumption 
that in the absence of a complementary factor, which we will call Z, 



R. N. Salaman Am J. W, Lesley 


181 


neither X nor Y alone can induce immunity but that the combined 
action of either X or F with Z will induce immunity equally as does the 
combination of X and F together without Z, then a plausible explanation 
is found. Under such an hypothesis a plant heterozygous for X and F and 
homozygous for the absence of Z would produce 9 immune to 7 suscep- 
tible plants. 

Susceptible plants as judged from the selfed families, Table III, and 
the crosses of susceptible by susceptible, Table IV, would appear to be 

TABLE III. 


Susceptible Selfed, 


Name 

Class Number 

Number of 
Seedlings 
Tested 

Non- 

warted 

Susceptible 

Dead 

Congo X Elourball Seedlings 

JS:23 06/19, 23 06/21 

16 

0 

10 

6 

E dgecote Purple 

147J36/20 

31 

2* 

27 

2 

Myatt’s Ashleaf 

333^6/21 


^^[22 

26 

2 

,, >} 

333 06/21 

28( 

ll( 

17 i 

0 


* Very poor small plants ; probably too feeble to btaye contracted the disease. 


TABLE lY. 


Name 

Congo-Flourball Seed- 
ling X 
Edgecote Purple 
May Queen 

X 

Edgecote Purple 
Eclipse ) 

X \ 

Sharpe’s Victor j 
Myatt’s Ashleaf 

Edgecote Purple 
Edgecote Purple 

X 

Myatt’s Ashleaf 


Susceptible x Susceptible, 


Class 

Number 

Number of 
Seedlings 
Tested 

Non-warted 

Susceptible 

Dead 

330iJ6/2l 

14 

• 0 

14 

6 

332 J56/21 

33 

1 

31 

1 

326J56/21 

6 

0 

6 

0 


334B6/21 

22| 

■ j 

-69\ 

21 

. 1 

-111 


20' 

33406/21 

338B6/21 

37 J 

39] 

[l51 


1 1 

■ lai 

■ 24 

28, 
31 ) 



• 92 ) 





33806/21 

. 53 J 


8 j 



43) 


divided into those which produce only susceptibles and those which pro- 
duce a considerable number of immunes also. This latter group is seen 
to include the selfed and crossed families in which Myatt's Ashleaf 
is a parent. The former group includes families in which an occasional 
immune is noted, viz., in Edgecote Purple 147R6/20 where there are 
27 susceptibles and 2 immunes, and in May Queen by Edgecote Purple 
where there are 37 susceptibles to 1 immune. In the former family the 
immune plants are very poor ones and may be left out of consideration, 
Journ. of G-en. xm 12 
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and in the latter, although the immune plant was not abnormal in 
growth it is not improbable that its immunity in 1922 is due to some 
fortuitous circumstance, and that it will not be maintained. 

When susceptibles are crossed to immunes or vice versa the results 
are again of two kinds, a larger class where the resultant family is made 
up of equal numbers of immune and susceptible individuals, and another 
of which we have but one example, viz. Arran Rose x Sharpe’s Victor 
(32456/21, Table V), where there is a large majority of immunes. 

TABLE V. 


Immune x Susceptihle. 

Number of 


Name 

Class 

Number 

Seedlings 

Tested 

Non- war ted 

Susceptible 

Bead 

Arran Rose 1 

1 









X ' 

^ 324 B&/21 


16 


11 



4 

1 

Sharpens Victor J 









Witchliill* 

316BZ>/20 

25'] 

1 

91 

I 


161 

1 

0 

X 




1 

r“l 

1 

1 

I 

U2I 


Myatt’s Ashleaf 
Snowdrop* I 

316 06/20 

32 J 

I j, 

y 82 

lej 

^39 

1 

16j 

1“ 

0 

X 

^ 313 C76/20 

25 

25 J 

14 

14j 

1 

9 

9J 

2 

Myatt’s AsMeaf J 









Edzell Bine 

304B6/20 

27'] 

1 


111 

1 


161 

1 

0 

X 


1 


r”! 

1 

1 



Edgecote Bine 
Bdgecote Purple 1 

30406/20 

1 

38 J 

^ Us 

2lJ 

Us 

17j 

12J 

0 


X 

y 315 06/20 

28 

28 J 

16 

lej 

1 : 

12 


EdzellBlue j 
Bdzell Blue "j 

1 

1 

• 








X 

^ 303 06/21 


44 


23 



21 

0 

Myatt’s Ashleaf ^ 










* Synonyms for one and the same plant. 





The susceptible individuals who on selfing produce no immunes and 
behave in crossing as pure recessives must, on the X and F hypothesis 
be represented as sux yy, whilst the immune parents with which they are 
mated will be examples of the Xx yy or xx Yy types of immune plants 
when the resultant family consists of half immune and half susceptible 
plants 

In Tables V and VI there are several examples which illustrate this 
mating, but attention is in particular drawn to the mating 316/20 and 

TABLE VI. 

Susceptible % Immwni. 


Name 

Kew 2xE. Eegent 63, 78 x Shamrock 
Kew 3 X JST 23, 17 X Leinster Wonder 


Class 

Number 

Number of 
Seedlings 
Tested 

Non- 

warted 

Susceptible 

Bead 

318B5/20 

38 

17 

21 

0 

321B6/20 

37 

15 

22 

9 
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313/20. In these examples Myatt’s Ashleaf is used to cross Witchhill 
and Snowdrop. The resulting families were identical in appearance and 
are seen to be similar also in their reaction to wart disease. It was 
further found also that their heritable cropping capacity as exhibited 
by the graphs of the curves of their offsprings' crops was also iden- 
tical (5). It is well known that Witchhill and Snowdrop, though 
considered by most experts to be but one and the same variety — an 
example of synonymity amongst potatoes — are by others sbill regarded as 
distinct. We are now in a position to say that not only are these two 
varieties identical morphologically, but that in respect to two most 
important physiological reactions, viz. that of immunity to 'wart disease 
and heritable cropping capacity, they are also identical. 

It may here be pointed out that the i^eciprocal crosses Myatt's 
Ashleaf and Edgecote Purple (Table IV) are also identical in respect to 
their susceptibility to wart disease. Indeed, identical results from the 
reciprocal crosses 304(76/20, 304 B6/20 and 315(76/20 were obtained, 
which would tend to confirm the view that there is no linkage or other 
effect induced by sex on the inheritance of immunity in the potato. 

The families in which Myatt’s Ashleaf enter differ in their reaction 
to wart disease. 

Whilst other susceptible plants which have been tested appear to 
gi?(e all warted offspring on selling, Myatt's Ashleaf produces a family 
in which the ratio of susceptible to non- warted is 26 : 22. Further, in 
its matings with the susceptible Edgecote Purple, the resultant family 
consists of 122 susceptible individuals and 24 immunes, a result deviating 
from a 3 : 1 ratio by twice the standard deviation. 

Both results suggest that Myatt's Ashleaf is really an immune variety 
whose immunity is being held up by one or more inhibiting factors. 
Indeed, in a previous publication (5) evidence was adduced that Myatt's 
Ashleaf contained a factor ‘'5 " which inhibits its own immunity factor 
F. However, the ratio 26 ; 22 in the selfed family now available indiGates 
a 9:7 ratio, and seems to suggest that there may be not one, but two in- 
hibitors, A and J?, existent in an heterozygous state. With the existing 
data, the relation of these inhibitors with the factors A, F, and Z 
cannot be further elucidated but it may well be that it is necessary 
for both of them to be present to inhibit either of the immune factors, 
though their combined presence is incapable of inhibiting the immunity 
conferred by the combined presence of both X and F. On such an 
hypothesis Myatts Ashleaf would have the formula FF A a Bb. 

^ !rhis refers to an unpublished work on the Ira/ieniance o/ 



184 


Wart Disease in Potatoes 


In SnelFs notes are given the results of a test on 29 seedlings of a 
natural ball of President, with a result that 15 are susceptible and 14 
not, which suggests that President is a susceptible variety similar in 
kind to Myatt’s Ashleaf. 

It has been seen that the mating of Myatt’s Ashleaf x ‘Edgecote 
Purple results in the production of 122 susceptible to 24 immune 
plants. This ratio is suggestive of 3 : 1, although its deviation is just 
over twice the standard error. If the formula ccxYY AaBh ZZ be 
adopted for Myatt’s Ashleaf, the corresponding formula for Edgecote 
Purple would he ocwyyAa BB ZZ, which would allow of 3 susceptible 
to 1 immune in crossing. The formulae both for Edzell Blue and 
Witehhill might be xxYyaaBB Zz, which would allow for the pro- 
duction on crossing with Myatt’s Ashleaf of a family composed of one 
half immune and one half susceptible seedlings. 

The crosses in Table VI representing the matings of susceptibles 
by immunes present two results which may be interpreted as follows : 

The first family 3185&/20 where the immune parent is Silver 
Shamrock produced 17 non- warted to 21 susceptible which is near 
enough to 19 : 19 or equality. This would be a probable result of the 
mating of a susceptible variety not containing X or F or the in- 
hibitors to an immune which is of the 3:1 type. Silver Shamrock, 
which is a Flourball seedling, is thus not unlikely to be just such a 
type of immune. • 

The second family 32156/20 is crossed by Leinster Wonder which, 
it has been seen, is probably to be regarded as devoid of the complement- 
ary factory .2' and as bearing the formula Fy If the susceptible is 
xxYyzz and Leinster W’onder be as suggested then a ratio of 3 non- 
warted to 5 susceptible would result ; actually in the family 32156 the 
ratio is 15 immunes to 22 susceptibles ; on a 3 : 5 basis the number 
would be 14 : 23. 

Sharpe's Victor in its reaction presents a further problem ; itself it 
is susceptible but nevertheless offers sufficient resistance to wart disease 
as for some time to have been considered as an immune. The small 
family Eclipse x Sharpe's Victor is all warted, but the mating Arran 
Rose (immune) x Sharpe's Victor (Table V) gives rise to a family of 
11 immunes to 4 susceptibles, an excess of immunes which suggests a 
3 : 1 ratio. A result which might arise where Arran Rose owes its 
immunity to one of the Z or F factors, and Sharpe's Victor to contain 
the other but in an inhibited combination due to the combined presence 
of A and 5. 
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It would appear that certain plants may offer a varying degree of 
resistance to the attacks of the pathogen, which is very possibly corre- 
lated with their genotypic composition. This resistance is, however, 
insufficient to protect the plant against the full force of a heavy attack, 
such as befell the plants at Ormskirk in 1922. On the other hand 
a plant which owing to its genotypic character is immune, remains 
constantly so under all the conditions of experimentation as yet em- 
ployed. Indeed, a suggestion of the kind has been made by Orton and 
Weiss who state that “such differences in the degree of resistance or 
susceptibility shown are believed to be inherent in the variety itself and 
this would indicate that the extremes of resistance and susceptibility 
are dependent for their expression upon more than a single factor 
difference.’' The evidence we have brought forward as a result of 
our researches at Ormskirk would seem to afford the necessary proof 
of this contention, for whether we explain our facts by supposing that 
some plants might be susceptible because they have no immunity 
factors, or susceptible because the immunity factors are held in sus- 
pense by inhibitors, or susceptible because the immunity factor, though 
present, lacks its complementary factor, the essential fact remains that 
there is unmistakable evidence, that certain susceptible plants, such as 
Myatt’s Ashleaf and Sharpe’s Victor, behave quite differently both when 
selfed and when crossed as compared to other immunes. 

We may summarise our results as foHows : 

(1) That immunity to 'wart disease in the potato is dependent upon 
segregating factors. 


(2) That immunity is dominant to susceptibility : though this 
dominance may be inhibited by other factors. 

(3) That there are at least four types of immunes, which may be 
described as : 


(a) pure immunes, 

(b) immunes wffiich, on selfing, give 15 immunes to 1 susceptible, 


(o) 

(d) „ 


3 

9 


and that the immunity they respectively possess may be due to the 
presence of one or more immune factors, the evidence for the co-presence 
of at least two immune factors in some varieties being particularly 

•Strong*': 
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(4) That susceptibles may be of various sorts : 

(а) due to the absence of either of the immune factors X or F, 

(б) due to the absence of the complementary factor Z, though 
either X or F may be present, 

(c) due to the presence of an inhibitor of the immunity factor. 

(5) Difference of genotype amongst immune plants is not reflected 
by any difference of degree in the immunity conferred. Difference of 
genotype, however, amongst susceptibles does appear to confer consider- 
able differences in degree of susceptibility. However, under the conditions 
of field experimentation the line between immune and susceptible once 
reached is absolute. 

(6) No differences were discovered as regards the immunity in 
respect to reciprocal crosses. 

(7) There is no evidence of any relation or linkage between wart 
disease and any other character of the plant. 

We take this opportunity of thanking Mr Heber Smith for having 
carried through the 1922 field work at Ormskirk, and Mr H. Bryan, 
Superintendent of the National Institute of Agricultural Botany Potato 
Testing Station, for his assistance, and to the Ministry of Agriculture 
which has kindly allowed all the material to be tested free of charge^ 
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SPECIES-GROSSES IN COCHLEARIA, WITH A PRE- 
LIMINARY ACCOUNT OF THEIR CYTOLOGY 

By M. B. crane and A. E. GAIRDNER. 

* {The John Innes Horticultural Institution,) 

(With Plates VI — IX and One Text-figure.) 

I SPECIES-CROSSES IN GOGHLEAIilA, 

By M. B. crane. 

The original plants of Gochlearia offici7ialis md Gochleaiia danica 
used in the following experiments were collected by Mrs Bateson at 
St David’s ofl:' the S.W. coast of Wales, and those of Gochlearia anglica 
by Miss D. M. Cayley at Hay ling Island, Hants. 

^ The plants of danica were very uniform, and natural seeds gathered 
from them gave plants that were uniform in all characters. In our 
experience danica always set seed with perfect freedom when selfed, 
and subsequently several hundred selfed seedlings were raised. With 
one exception they were remarkably uniform. The exceptional plant 
was a dwarf ; it had very dark green fleshy leaves, and in all parts was 
very small: see Plate VI, fig. 2. 

The leaves of some of the anglica plants were slightly longer and 
more attenuated at the base than those of others ; they also varied in 
anthocyanin colour. Over 100 selfed seedlings were raised from two 
plants, and among them the above differences again occurred. 

The collected plants of officinalis varied in size and in anthocyanin 
colour. The same variations occurred in natural seedlings raised from 
them. A few of these natural seedlings were protected and intercrossed, 
and plants were raised from the seed thereby obtained. These plants 
although variable did not widely differ. Two of them, one designated ''A” 
and the other were selfed. They proved to be only partially self- 
fertile, but over 200 seeds were obtained. These plants appear as “A” 
and respectively throughout this paper, and are later referred to 
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in greater detail To all outward appearance they were identical, and 
in all characters they appeared to be typical officinalis. In a family raised 
from plant selfed, the majority of the plants are similar to in 
size, but a few are smaller. No other difference is noticeable in this 
family at the present time. Selfed plants raised from however, 
vary somewhat widely in several characters, and one has curiously folded 
leaves like those in Fig. 3. 

Description of Species. 

In the following descriptions only the most salient characters, and 
those relating to the present preliminary account of the seedlings raised 
from them, are described. 

C, officinalis Linn. 

Radical leaves : roundish or reniform, deeply cordate at the base and 
generally entire : petioles longer than danica. 

Stem leaves : sessile, amplexicaul (except the lower ones which are 
stalked), angulated, with a few large teeth or lobes, occasionally entire. 

Branches: ascending, up to 2' long : the primary habit is erect, but 
as the flowers, leaves and lateral growth develops, they recline and 
become spreading. 

sub-globular. 

Size : in all parts large : much larger than danica. Cf. Figs. 1 andr 4. 

The whole plant is deep grdfen : paler than danica, but much deeper 
than anglica. 

G.danicaLmn. 

Radical leaves : roundish or angular (the primary leaves are roundish, 
but the later ones are angular), deeply cordate at the base: petioles 
shorter than 

Stem leaves: stalked (occasionally the uppermost ones are sessile), 
3 to 5'lobed, somewhat resembling those of the Ivy. 

Branches: central stem erect and very short, lateral branches de- 
cumbent, 3" to 9^' long: in general the habit is very spreading and 
prostrate. 

Capsules: ovoid. 

Size: in all parts small. 

The whole plant is dark green. 

G. anglica Linn. 

Radical leaves: oblanceolate or oval, attenuated or rarely rounded 
(but never cordate) at the base, usually entire, but occasionally toothed. 
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Stem leaves : generally sessile, semi-amplexicaul, rhomboidal-oblong 
or strap-shaped, usually toothed. 

Branches: s^Bcending, primarily erect, 3'^ to 1' long: central stem 
shorter and more erect than the lateral branches. 

Capsules : oval, much compressed, the replum being 4 to 6 times as 
long as broad. 

Size: style longer and flowers much larger than those of officinalis. 

The whole plant is pale green. 

In 1921 crosses were made by Mr H. W. Jack between 
and danica and the following families raised : 

Fam. 1 1 21 officinalis x danica^ 5 seeds set, 5 germinated 
„ 2j21 danica x officinalis^ 1^^ „ „ 10 „ 

Differences in size and in anthocyanin colour occurred in both families. 
The variation in size however was not wide. In habit of growth and all 
other characters the plants were uniform, and the following description 
applies to all. 

Description of Fi, officinalis x danica and danica x officinalis. 

Radical leaves : roundish or angular (the primary leaves roundish 
and the later ones angular), deeply cordate at the base: petioles inter- 
mediate between parents in length. 

Stem leaves : stalked (occasionally the"^ uppermost are sessile), 3 to 5 
lobed, resembling those of the Ivy. 

^rancte ; central stem erect, short but much longer than that of 
danica j lateral branches decumbent, 6". to 18'' long : in general the habit 
is spreading and prostrate. 

OopsitZes ; sub-globular. 

Size : in all parts intermediate between parents. 

Colour of intermediate, lighter than damoa, darker than 

officinalis. 

In general habit and leaf shape they resemble danica. The capsules 
ai’e similar to those of officinalis in shape. In size and foliage colour 
they were intermediate: see Figs. 1 and 4. 

Three plants from family 1/21 and five from 2/21 were used in further 
breeding experiments. The pollen of the plants varied, but in all 
a considerable proportion was aborted and obviously useless. Varying 
degrees of self-fertility also occurred among the plants, but this was not 
associated with the variation in the pollen. Among the plants of typical 
danica and used in the experiments an obviously aborted 
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pollen grain lias been but rarely observed. The approximate proportion 
of good pollen and the percentage of seed germination of the Fi plants 
that have been used in further breeding, and of the parents, are given 
below. 

Pollen 


Family 

Number 

Parentage 

percentage 

apparently 

good 

Number of 
seeds sown 

Number 
of seeds 
germinated 

Percentage 

germinated 

1/22 

C. danica 

100 

120 

120 

100 

2/22 

G. offi>cmalU 

100 

125 

106 

84*8 

25/22 

11/21 

— 

16 

13 

81-2 

26/22 

11/21 (selfed) 

76-0 

305 

189 

61-9 

10/22 

,, X danica 

— 

30 

21 

70*0 

18/22 

„ 

— 

16 

11 

68*7 

27/22 

12/21 (selfed) 

34-0 

245 

144 

58*7 

11/22 

,, X danica 

— 

44 

23 

56*8 

19/22 


— 

55 

26 

47*2 

28/22 

1721 (selfed) 

72*0 

31 

22 

70-9 

12/22 

,, X danica 

— 

12 

10 

83*3 

20/22 

„ x*‘J5” 

21/21 (selfed) 


8 

5 

62*5 

29/22 

83 0 

207 

137 

66*1 

13/22 

„ X danica 

— 

84 

67 

79*7 

21/22 

„ x‘‘j5’’ 

— 

41 

28 

68*2 

30/22 

22/21 (selfed) 

31-0 

240 

134 

55*8 

14/22 

„ X danica 

— 

22 

16 

72*7 

22/22 


— 

2 

1 

50*0 

31/22 

2V21 (selfed) 

65-0 

160 

75 

46*8 

15/22 

,, X danica 

— 

6 

5 

83*3 

23/22 

„ x-B” 


3 

1 

33*3 

32/22 

2«/21 (selfed) 

59-0 

300 

218 

72*6 

16/22 

,, X danica 

— 

13 

11 

84*6 

24/22 

„ x‘‘ J5” 

— ■ ■ 

14 

9 

64*2 

— 

26/21 

51-0 

— 

— 

— , 

17/22 

„ X danica 

• ■ ' 

34 

27 

79*4 ^ 


F,. 

919 plants were raised of which 850 survive. Among them re- 
markably wide variations occur. Plants which appear to be identical 
with danica but rarely occur, and plants which appear typically officinalis 
although more frequent are not common. Many individuals are in all 
parts very much smaller than drniioa, but none are larger than the 
officinalis originally used in the experiments. In certain families the 
size of the, plants swings more towards danica than officinalis; others 
swing more towards officinalis. The actual range of the variation is, 
however, almost equally wide in all families, but in some it begins much 
below danica and ends considerably below officinalis, whereas in others 
it begins approximately at danica and goes up to officinalis : see text- 
figure L 

That the original plants of officinalis used in the experiments were 
not homozygous for size was subsequently evident in their selfed off- ' 
spring, and to this the above differences in separa.te families are 
probably attributable. 
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Various recombinations of characters, and plants which are very 
distinct from either parent occur. That the variation in size goes below 
danica'hui not above has previously been mentioned. In most 

characters, however, the range of the variation extends considerably 
beyond both parents, but in all. numerous quantitative differences occur, 
and it is not possible at the present stage of the experiments to classify 
the plants with any degree of certainty. A fuller account of the varia- 


O dan lea 

• A* 

F. I, 


HA# 

C. Lain alls, 


F2. 


4 A 

F2. 


« « « * 

F2. 


• 44 * ^ 

Fam 

m 4 



<» • • 4 

Fam ^ 


4 4 




*•41 


Text-figure 1. Typical radical leaves of dmica, o^cimlisj Fj and F 2 plants. In all cases 
they were the largest leaves on the plants. In each of the F 2 families the largest leaf 
from 13 individuals is shown ; on the left is the largest from the smallest plant, 
and on the right the largest from the largest plant in the family. The others are various 
sizes which occur in between the extremes. 

Note, In Fam. 32 the size of the leaves begins far below daniea and ends below officinalis. 
In Fam. 30 they begin approximately daniea and end at ojkinalis. 


tions which occur in these families will be prepared when the work has 
been carried further. 

In addition to the plants which from cytological and genetic evidence 
we may regard as true officinalis md daniea respectively, e.g., the actual 
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parents of families 1/22 and 2/22, the previously mentioned plant 
was introduced into the crossing experiments as a supposed 
It has been shown that this plant came from a wild officinalis, and to 
the eye it was officinalis. However, as is later shown by Miss Gairdner, 
it proved to have 30 chromosomes instead of 28, and among its selfed 
offspring and also in a family raised from crossing it with true danica, 
there appeared plants with folded leaves like those in Fig. 3. Other 
wide variations also occurred in these families, Fi plants from true 
officinalis x true danica are comparatively uniform, and as would be 
expected such wide variations do not appear until Fg. There is there- 
fore a good deal of evidence from which it is tempting to assume that 
plant was not a true officinalis, but a cross-bred plant, presumably 
a derivative of officinalis x danica. It was used in various matings 
under the impression that it was an officinalis like others, but the 
crosses in which it occurs are not the back crosses which in the design 
of the experiments they were intended to be. The results, however, 
show many points of interest, and from what is now evident such plants 
as would almost be expected in our original material, collected as 
it was from a locality where officinalis and* danica grow together. 

Back crosses. 

From jFi X plant '"jS,” 94 plants were raised and 81 survived. In 
size they vary from plants as^ large as officinalis, to plants smaller than 
the jFx, but none are as small as danica. The whole of the plants, how- 
ever, have many characteristics of and a much greater resem- 

blance to it than to either danica or the Fi. Even the smallest would 
be described as small plants of officinalis, and would not be confused 
-with danica. 

From Fi x danica 180 plants were raised of which 170 survived. 
None were smaller than danica and only one was larger than the Fx. 
Many plants appear to be identical with damca, and a few with the 
plants, but the majority are intermediates, which in all characters 
except size are very much like damca. 

In 1922 crosses were made between G. anglica and 0. officinalis and 
the following families raised : 

Fam. 7/22, anglica x officinalis, 13 seeds set, 10 germinated 
„ 8j22, officinalis X anglica, 6 „ „ 3 „ 

Preliminary attempts to cross anglica with danica failed. 

In all characters anglica and officinalis widely differ. During the 
early stages of growth the Fx plants are very distinct from either parent, 
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see Fig. 4. Later, they resemble anglica much more than officinalis y 
but in all their characters intermediate properties are evident. The 
radical leaves vary, but they are all abrupt at the base. Occasional 
leaves, however, are toothed and abruptly attenuated, others are slightly 
cordate at the base, but none are attenuated like anglica or deeply 
cordate like officinalis. The leaves of some appear darker green than 
those of others, but this variation is associated with an anthocyanin 
pigment. 

Further breeding with these plants is being attempted. 

Since these experiments were begun several species and forms of 
Gochlearia have been obtained from various sources. Among them was 
a form which had leaves similar in size and shape to officinalis, hnt they 
were much paler green. The capsules were flattened and compressed 
along the replum, being somewhat intermediate between anglica and 
officinalis in shape. From one of these plants (No. 5/21) 45 selfed 
seedlings were raised; they slightly differed in size, but in leaf-colour 
and all other characters they were uniform. 

Using 5/21 as the $ parent the following crossed families were 
raised: 

Fam. 36/22. 5/21 x danica, 67 plants. These plants were very 
uniform and in all characters were intermediate between the parents. 

Fam. BQJ22. 5/21 x officinalis, 34 plants. In size these* plants 
slightly differed, but in leaf-colour and ail other characters they were 
uniform and intermediate between the parents. 

Fam. 37/22, 5/21 x anglica, 2% plants. In all their characters in- 
termediate properties are evident, but they resemble anglica more than 
officinalis. 

Regarding the origin of 5/21 we have no knowledge, it was obtained 
with many similar plants from three Botanic Gardens as anpZma. In 
general it is much nearer offiicinalis than anglica, but certain of its 
characters suggest that both species may be involved in its origin. At 
present, however, this cannot be seriously considered. 

Among the plants that came with 5/21 was one (No. 6/21) that was 
in all characters intermediate between 5/21 and danica, Selfed seedlings 
raised from this plant varied in size from danica io 5/21, and in leaf- 
colour from pale to dark green. This is obviously an example of natural 
crossing. 

It has previously been shown that the plants of anglica, collected 
at Hayling Island, varied but little^ and that among their selfed offspring 
only minor differences occurred. Among a number of angUca 
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collected by Miss Cayley at Blakeney Point in Norfolk, however, con- 
siderable variation occurred. Some of these plants appear to be identical 
with the plants we obtained by crossing anglioa with officinalis; 
others are distinct from our ^I’s and also from anglica. At Blakeney 
Point anglica and officinalis both occur; at Hayling Island, however, 
Miss Cayley could not find officinalis, but only anglica and danica. Our 
own attempts to x'aise Fi plants by crossing anglica with danica have 
so far wholly failed, but Fi plants from anglica x officinalis and officinalis 
xdmica have been freely obtained. It therefore seems clear that the 
variability of the anglica plants from Blakeney Point is due to the 
presence of officinalis and to natural crossing occurring between them. 
Those from Hayling Island varied but little, and as there were no officinalis 
in the locality, wide variation would not be expected. 

In So^j^^erby's English Botany, 3rd Ed. Vol i. the radical leaves of 
anglica are described as ''attenuated or rarely rounded (but never 
cordate) at the base.’' Later, however, he states, "It is said sometimes 
to have the radical leaves cordate at the base, and if so, it may possibly 
be only another sub-species of (7. jpolymorffiia!' It is of interest to notice 
that this latter description agrees more with the radical leaves of 
anglica X officinalis derivatives, and it is tempting to assume that it is 
to such plants, and not to true anglica, that this early record relates. 

From the great variety of forms of Gochlearia resembling officimlis 
and c?umc(:rwhich are found fti nature it is evident that between these 
species a certain amount of natural crossing occurs. Between them and 
their derivatives, however, and among the derivatives themselves, often 
but small quantitative differences occur. Forms which are closely allied 
therefore appear, and become confused. 

The plants of danica collected from Hayling Island and from St David’s 
were identical, and with the one exception previously mentioned, no 
variation occurred in selfed families raised from them. Prof. Udny Yule 
kindly sent us several plants of danica which he collected in CornwalL 
These plants proved to be of three kinds : (1) identical with those from 
St David ’s, and Hayling Island ; (2) a form in which the margin of the 
leaves folds upwards, the upper surface of the leaves being concave; 
(3) a form with slightly smaller leaves than the above forms, and with 
an even more prostrate habit of growth. Natural seeds taken from these 
three forms gave very uniform offspring. 

For other species of Ooc/deana recently brought into the experiments 
we are indebted to Mr G. 0. Druce for seed of G. micacea, Marshall, and 
to Mr J. R. Matthews for plants of G. aipwa, W 
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II. CYTOLOGY. 

By A. E. GAIRDNEE. 

Study of the cytology of these very distinct forms of Cochlearia has 
elicited several points of interest. 

So far only the chromosomes in the somatic tissue have been 
examined, and nothing is yet known about their behaviour in meiosis. 
The flowers are exceedingly small, as also are the germ cells, and con- 
sequently they are not very suitable material for a critical study of 
these phases. 

The chromosome counts have been made exclusively from root tips 
fixed in strong Flemming with an equal quantity of distilled water, and 
stained by the iron-alum-haematoxylin method. 

Seedlings got by self-fertilizing the original wild plants were exa- 
mined first, and it was found that the somatic number of chromosomes 
in a plant of (7, officinalis was 28, while the much smaller species 
(7. danica had 42. 

The chromosomes in 0. officinalis, when well spread out in an equa- 
torial plate, are approximately equal in shape and size, being two to three 
times as long as they are broad, and pointed at the ends (Plate IX, fig. 1). 
In Q. danica on the contrary, though a proportion of the chromosomes 
are as large as those in officinalis, others are^'much smaller (Plate IX, fig. 2). 
It is generally possible to pick out 14 large and 14 small chromosomes 
in the dajiica plates, while the remaining 14 are intermediate in size. 

Crosses were made between various plants of these two species and 
the somatic number of chromosomes in seven of the resulting Fi plants 
was found to be 35 — 36. So far as one can make out only 14 to 16 of 
these are the large type, the reciprocal crosses being identical (Plate IX, 
figs. 7, 9). 

Many -Fg plants have now been examined and they range from the 
28 chromosomes of 0, officinalis up to 40, and it is probably only acci- 
dental that no plant with the whole 42 of 0. danica has yet been found. 
Fourteen is the most usual number of large chromosomes, but in the 
smaller plants there may be only twelve large chromosomes and in the 
larger plants 16 of these. In some cases pairing between homologous 
chromosomes is plainly seen. On comparing Table III with Plate YIII, 
though at a first glance the number of chromosomes seems to increase 
as the size of the plant decreases, it will be found on further examina- 
tion that no real correlation between the two exists. Any effect the 
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chromosomes may have upon the size of the plant cannot be due to their 
number alone. 

As stated by Mr Crane the plant '^5” which was used in many of 
the crosses in 1922 proved to be peculiar. No satisfactory cytological 
material was got from it, but two of its progeny had 28 and 34 chromo- 
somes respectively, and from other evidence is thought to have 
had 30. Back crosses with the two parent types gave a wide range of 
chromosome numbers, as will be seen by the Tables IV and V. 

The (7. mglicQj specimens from Hayling Island had 49 — 50 chromo- 
somes, all being of the large officinalis type (Plate IX, fig. 3). Some of 
these plants were selfed and two of the resulting seedlings examined. 
One had 48 chromosomes while the other showed certainly 50, which 
suggests that these plants also were not pure, anglica x officinalis gave 
the expected 39 — 40 (Tables I — VI). 

The plant numbered 5/21 which was received from Mr Hales at the 
Chelsea Physic Garden, which is described above, had only 24 — 26 
chromosomes, all of the large type (Plate IX, fig. 5). Nothing is known 
of the antecedents of this plant but it appears to have been of hybrid 
origin, as two plants got from it by self-fertilization had 28 and 30 
chromosomes respectively (Table VIII). A second plant 6/21 received 
from the same source had 33 — 35 chromosomes, at least 12 of these 
being of the small cZamca type. e 

Table VII gives the chromosome numbers of some of the wild anglica 
plants collected at Blakeney Point. 

The best known examples of dicotyledons in which 7 is the basal 
number of chromosomes are the species of Oenothera and Rosa^ the 
Leguminosae also supplying several examples. According to the lists 
given by Tischler (1922) and Marchal (1920) this number has not so 
far been found among the Ormiferae. Marchal gives 9 species of this 
genus as having 8 chromosomes as their basal number, to which must 
be added Stenophragma Thalianum wad Brassica campestris -with. 5 — 10 
and Lunaria biennis with 12, showing that there is no fixity in the 
number throughout the Order. 

In the present state of our knowledge little can be said as to how 
these different forms have arisen. Marchal (1920) suggests that an 
increase in chromosome numbers is probably produced by fractioning, 
and the small size of some of those in danica is consistent with this 
view. Only a few measurements have been taken, but no obvious in- 
crease in the size of the nucleus has been observed where the number 
of chromosomes is highest. 0, alpina, which, has only 28 chromosomes, 
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has been compared with one of our hybrid plants of about the same size, 
having 37, and the measurements of cell and nucleus were the same. 
0. officinalis and (7. anglica also been compared with the same 
result. 

It will be noticed that the plants having 35 chromosomes have 
given rise to plants with 40. 

Blackburn and Harrison (1921) and Tackholm (1922) found that in 
hybrids between roses with differing numbers of chromosomes there 
was only a partial reduction in the heterotype division, a number of 
chromosomes remaining- as univalents and either going entire to the 
poles or dividing, sometimes at the heterotype sometimes at the homo- 
type division. In this way germ cells are formed having considerably 
more chromosomes than the haploid number of the parent plant. Pre- 
sumably the same thing is happening in Gochlearia and it is hoped in 
time to get cytological evidence on the subject. It h^s become plain 
that crossing takes place to a considerable extent in nature between 
the various species of Gochlearia^ and more work must be done to dis- 
entangle pure lines from the material we have at present. 

In their remarkable studies of Datura Blakeslee (1922) and Belling 
identify particular plant forms with special chromosome configurations. 
This in our work has not up to the present been found possible. 


TABLE I. 


Gochlearia species 

Number of 
Chromosomes 

G. offi,cinalis, plant ” 

28 

C. danica, 4 plants 

42 

0. anglica, several plants 

49—50 

C. alpina..^ v.. 

28 

(7. mfcacea, 2 plants ... 

34—36 

TABLE I A. 


Gochlearia 

Number of 
Chromosomes 

Plant ... 

?30 

„ selfed, 1922 plants 

21 ... 

34 

22 

28 

C, anglicai seUed 5 ^ 

50 

„ 5» ... 

48 


TABLE IL 


G, X dauica and reeip. 


Number of 
Chromosomes 

C, qffi>cmaU8 x da,nica, 1921 plants P 

35 

' in ■■ ■■■■ 


1« 

35 

G, danica x officinalis 


. ' 2® " 

35 



26 

35 

" "" >n • nn 


29 

35 

■ i> ■ , , 5>. ■' 


219 

35—36 
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TABLE III. 

Number of 

J?2 from C* oMcinalis x danica Chromosomes 


22/21 selfed, 1922 

plants 30* 

28 

30* 

36 


30* 

33—34 


30* 

39—40 

** !♦ 

30* 

35—39 


30* 

39—40 


30’ 

35 

j> »» 

30* 

39—40 

i) if 

30* 

40 + 


30*» 

36—37 

JJ 

30** 

38 

2«/21 seifed ” 

?> J> 

30*’ 

32 

32* 

32—34 

32* 

31—32 


32* 

31—33 

)5 

32* 

37 

>9 9 9 

32« 

31—33 

9^ 99 

32« 

38 

12/21 seifed 

32* 

37 

27* 

30 


TABLE IV. 

Number of 

Fi {officimlis x dq,nica) x plant “ B ” and recip. Chromosomes 


12/21 X plant 1922 plants 19^ 33—35 


J> ti a 

193 

33—35 

9i a a 

19^ 

31—33 

>» a )» 

195 

28 

Plant “jS”xl*/21 „ 

251 

39-40 

9> if it 

254 

35 

J> >> 

255 

33—35 

»> * J1 >> 

258 

33—35 

>» it a 

259 

38—40 

a a it 

257 

40 

TABLE Yw 


Number of 


FiXdanica Chromosomes 

2^/21 x daniedi 1922 plants 13^ 40^1 

„ „ „ U* 37-39 

1“/21 X danica „ 11* 38 

„ „ 11* 36-38 


TABLE YI. 

Number of 

C. oMoinalis X C, anglica, and recip. Chromosomes 

0. ()^ci?ialis X onjZica, 1922 plants 7* 39 — 40 

»» >> ) * >> 7* 40 

G. anglica X qfficiiudu ,, 8' 39 

» .> 83 40 

TABLE VII. 

C. anglica, wild plants Number of 

from Norfolk Chromosomes 

^ ... 37 

„ “3” ... 42-44 

„ “C” ... 36—37 

“A” ... 40—42 
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Number of 
Chromosomes 

24—26 
30 
28 

34— 35 
28 
. 28 

35— 36 

6/21 smaller plant from Chelsea 33—35 


DESCRIPTION OF PLATES. 

PLATE VI. 

Fig. 1. C. officinalis^ G. danica^ o^inalis x. danica, and danica x officinalis Fx plants. 

Fig. 2. Dwarf form of danica^ from normal dayiica selfed. (Photo natural size.) 

Fig. 3, Plant with folded type of leaf, F^ from officinalis x danica, 

PLATE VII. 

Fig. 4. C» officinalis, danica^ anglica, officinalis x anglica, anglica x officinalis, SiHdi offici^ 
nalis X danica, Fi plants. 

PLATE Vm. 

Fig. 5. Plants of Fam. 32/22, F 2 from danica x officinalis. Numbers 1 and 2 are two of the 
llargest, and Number 7 one of the smallest plants in the family. 

The seeds which gave the plants shown in Plates 11 and III were sown on the same day. 
The photographs were also taken on the same day. 

PLATE IX. 

All figures drawn with the aid of a Leitz camera lucida, with 1/12 oil immersion 
objective and 18 eye-piece, magnification 2250. All equatorial plates in root- tips. 

Fig. 1. <7. officinalis. 28 chromosomes. 

Fig. 2. C. danica. 42 chromosomes. 

Fig. 3. €. anglica. 49— 50 chromosomes. 

Fig. 4. 0. anglica x G. officinaUs. B9 GhxomosQmeB. 

Fig. 5. Plant 5/21. 24^ — ^26 chromosomes. 

Fig. 6. 0. uZpinu, 28 chromosomes. 

Mg. 7. C. officinalis X danica, -plmt 1^121. 35 chromosomes. 

Fig. B. F 2 , G. danicax officinalis, fflmt 1^2, 28 chromosomes. 

Fig. 9. G, danicax officinalis, -pl&nt 2^121. ohxomosomeB. 

Mg. 10. F 2 , G. danicax officinalis, 122. 35— 36 chromosomes. 

Fig. 11. F2, G. danicax officinalis, plant 3011/22. 38 chromosomes. 

Fig. 12. Fz, G. danica x officinalis, plant 30^/22. 39—40 chromosomes; 

Fig, 13. Fz, G, danicax officinalis, iglmt $2^22. 38 chromosomes. 

Fig. 14. i? X 11/21, plant 25^/22. 38 — 40 chromosomes. 

Fig. 15. 12/21 X plant 191/22. 35 chromosomes. 


TABLE YIII. 

Large plant from Chelsea 
Physic Garden . . 

5/21... 

5/21 selfed, 1922 plants ... 34i 

,, „ 342 

5/21 X danica ,v 35i 

5/21 X plant ‘‘ B ”, 1922 plants 36i 
362 

xanalica ,, 37i 


13—2 
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Fam. 32/22, F 2 from danica x officinalis. 
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OEOSSING-OVER BETWEEN THE X- AND THE 
^CHROMOSOME IN LEBISTES. 

By 0. WINGE, 

{Report from the Genetic Laboratory of the Royal Veterinary 
and Agricultural College, Gopenhagen,) 

(With One Text“figure.) 

In a paper on inheritance in Lehistes reticulatus {1^22 b), discussing 
sex-linked as well as one-sided male inheritance, I mentioned an obser- 
vation of crossing-over between the X- <and the F-chromosome in the 
male Lebistes oxid stated that further details would be published later. 
It is the object of the present report to fulfil this promise. 

In the work of Schmidt on Lebistes (1920), the first unquestionable 
case was brought forward on conditions of inheritance which pointed to 
factors connected with the F-chromosonie. The investigations made 
by me, at a later date, on the cytologicaj conditions in Lebistes (1922 a), 
have shown that the diploid chromosome number was 46 in both sexes— 
and in my first-named paper I stated, as the most important result of 
my experimental cross-breedings that, notwithstanding the lack of any 
visible difference between the chromosomes themselves, the melQ Lebistes 
decidedly belonged to the XF-type and the female to the XX- type, 
as is the case with Drosophila melanogaster. From the one-sided male 
inheritance, which could only be explained by assuming the existence 
of a factor-bearing F-chromosome, one must logically conclude that 
X-chromosomes were also present and, thus, that the expression for the 
female chromosomes was 44 -f- X -f X, that of the male one 44 + X -}- F 

Moreover, I was able to prove sex-linked inheritance in at least one 
of the Lebistes-' rsi.oeB'\ which 1 worked on, a further instance of the 
indubitable conformity between the results of genetical and cytological 
investigations. 

At the time I communicated the first case of crossing-over between 
the X- and F-chromosomes, — a phenomenon which had not hitherto 
been brought to light for the simple reason that no factor-bearing 
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F- (or IF-) chromosome had hitherto been known with certainty to 
exist — I had no idea that another person was studying the same matter 
and had simultaneously arrived at the same results as I had. 

The Japanese scientist, Aida, has undertaken extensive experimental 
crossings with another species of fish, Aplocheilus {HaploGliilus) 
belonging to the Poeciliidae family, published in Genetics, 
Vol. VI. 1921, p. 554\ In this paper, he not only proves the one-sided 
male inheritance, but also the crossing-over between the X- and the 
F-chromosome, so that our two observations must be said to cover each 
other. However, no cytological investigation of the material worked on 
by Aida has been published as yet. 

As in my own case, Aida has studied colour-factors which he found 
to be present in the autosomes as well as in the sex-chromosomes. In 
one case he discovered homozygoty for a factor R (red), i.e. the "'race^^ 
concerned carries the Ji-factor in the X- as well as in the F-chromo- 
some. In cross-over individuals segregated fi:om heterozygotic males, 
the conditions of inheritance are exactly as would be expected on the 
supposition that the factor in question (B) had been transferred from 
the X- to the F-chromosome. 

While, in Lebistes, the colour-factors manifest themselves in male 
individuals only, the inheritance being phenotypically sex-limited to 
the male — a fact which has not made my researches any easier — t^o 
colour-factors appear in both sexes of Aplocheihts, There is another 
slight divergency in our investigations, viz. while the LebistesAesAoxs 
influence patterns and various colours in certain parts of male indi- 
viduals, the AplocheilusAe.c\iOm involve a, so to speak, total differentiation 
of colour in the individuals. 

Hitherto, only the i2-factor (allelomorph r) has been found in the 
X- and F-chromosomes of Aplocheilus; y^hile in Lebistes the F-chromo- 
some has been proved to contain a whole series of factors, and the 
X-chromosome, until now, only one factor, s, which has been seen only 
in one instance to cross over, partially, to the F-chromosome, the said 
factor 5 being a complex factor composed of a series of linked factors. 
On the other hand, no colour-factors have, as yet, been found in the 
autosomes of Lebistes, whereas Aida has recorded the factor B and its 
allelomorphs jBi and 6. 

In neglecting these minor differences, the results concerning the two 
species of fish must be said to confirm each other. 

1 This part of Genetics appeared Nov. X922, though bearing date Nov. 1921. 
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As to the genetical formulae, Aida and myself use unlike expressions 
to which I shall revert below, in connection with the presence-absence 
theory. 

I shall now proceed to the relation of my experiments on the 
crossing-over between X- and F-chromosomes. 

Experiments on X-Y Grossing-over. 

In June 1917, while I was attached to the Carlsberg Laboratory, 
we received a male Lehistes which, in the main, had the appearance of 
the afore-mentioned (1922 6) “ Spot Race’’ of which the males have the 
formula X^F,^. The fish was bought from a Mr Christensen, Poppelgade 
(= Poplarstreet), Copenhagen, who, in his turn, had received it from 
Berlin, in the summer 1916, from a dealer in aquaria. 

This new type had the following characteristics in common with 
Spot Race” males, viz. (1) large black spot on dorsal fin; (2) large red 
side-patch below and in front of dorsal fin; (3) black dot near anal 
aperture ; all being due to the maGulatus-fo.ctoi£: m in the male F-chro- 
mosome. But whereas all the “ Spot Race ” males I had hitherto seen 
possessed a rounded, colourless caudal fin, the above male had (4) a 
caudal fin with elongated upper edge and (5) vivid reddish-yellow colour- 
ing on upper and lower edge of caudal fin. 

^ This “ Poplarstreet ” male No. 123, as it was named after the place 
where it was bought, was mated, on June 9, 1917, with a virgin female 
No. 125 without factors in the X-chromosomes and, therefore, corre- 
sponding to formula X^Xo, whereupon the female bore, until Dec. 27, 
1917, six broods numbering more than 200 young ones in all, 73 young 
males became adult, but only one of these had the elongated caudal fin 
of the Poplarstreet ” male, all the others having the rounded colourless 
caudal fin of the Spot Race” 

Accordingly, the factor e {elongatus)y vespomihh for the elongated 
caudal fin, must be supposed to reside in the male X-chromosome, which 
we know to pass on to the daughters ; and we may also surmise that 
the single male with an elongated caudal fin owes its existence to the 
crossing-over, in a single case, of the factor to the F-chromosome of 
a spermatocyte. The original “ Poplarstreet” male having thus the 
formula X^X^i, and therefore usually forming sexual cells carrying 
either X^ or Xj,^, it must have happened at the crossing-over that, in 
an isolated case, the e-factor was transferred to the F-chromosome and 
then linked to the m-factor there. The formula of the diverging male 
should therefore be X^F^w* 
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The inference, that the crossing-over between the X- and the 
F-chromosome has really taken place here, is fully confirmed by the 
following ci’ossing-experiments undertaken as a check. The process of 
analysis is represented in Fig. 1, under the form of a genealogical 
diagram. 

As far as the non-cross-over individuals are concerned, the J?\-females 
of this category are supposed to have the formula XoXe and, in mating 
these females with jPi-males, the formula of which is XoTmt the out- 
come should be an equal number of males with elongated caudal fin, 
and without. In accordance with this, gave 26 Xe and 27 Xq Fm* 
The Fg-females were also expected to consist of two categories, partly 
XoXo, partly XgXo 5 and in fact, one Xa-female, mated with a “Spot 
Race” male (XoYm)j produced only X^F^-males (11 in all) and there- 
fore had the formula X^Xo, while another Xg-female, mated with the 
same male, gave 4 males with elongated caudal fin (X^^ F^) and 3 with- 
out (X^Fm); consequently, this latter Xg-female must have had the 
formula XeXo» 

As stated above, the non-cross-over males should, theoretically, have 
the formula Xo Fm, and their structure entirely corresponded thereto, i.e. 
rounded caudal fin and the general appearance of the “ Spot Race.” As 
a matter of fact, some such Xi-males, crossed with X^Xo-females, pro- 
duced exclusively round-tailed progeny. 22 sons in all were counted apd 
none of these showed any tracer of the e-factor. 

It has thus been proved that the elongated caudal fin of the “Poplar- 
street” race is due to a factor in the male X-chromosome and that, 
therefore, the original male must have had the formula X^F^. While 
the inheritance of factor m is one-sided male, the e-factor is sex-linked 
in its inheritance. 

We shall now examine the conditions of the diverging X,-male with 
the elongated caudal fin, so as to find out whether its genetical behaviour 
corresponds to the hypothesis that the e-factor has crossed over to the 
F-chromosome, making the formula of the individual— Xo F^^, 

The male progeny of such a male should, of course, always be 
provided with an elongated tail-fin, all the sons receiving the F-chromo- 
some. Only in case of a' renewed crossing-over could the factor again 
be separated from the m-factor and round-tailed sons be segregated. 

All the 11 sons of the diverging male proved to have an elongated 
caudal fin, and this is already a proof that the e-factor has no longer its 
seat in the X-chromosome, but in F and that, therefore, a crossing-over 
between X and F must have taken place. 
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The sequel of the analysis gave the following result : The 11 Xo Fe- 
males were mated with some sisters which should correspond to formula 
XoXo, thus giving rise to a new generation, Xg, of cross-over males. As 
to the males, this generation consisted of 45 Xo Yem and 3 X^ F«^. In this 
connection, the 45 young ones are non-cross-over individuals, whereas the 
3 are the result of a new crossing-over in which the F-chromosome has 
again lost its e-factor, the latter having crossed back to the X-chromo- 
some, its original position. 

Among the oflFspring of the 46 Xo F^^-males, as shown in Fig. 1, was 
again found 1 round-tailed Xo F^^-male, the result of a new crossing-over. 
As might be expected, this male, when mated with an X^Xo-female, 
reproduced exclusively its own type, while the other individuals of this 
and the following generation all have the elongated caudal fin and the 
formula XoYem- 

Cross-over females are of course not so easily discerned as are cross- 
over males, as the females phenotypically show no colours at all. The 
only way in which we can recognize the factor-contents of a female 
individual is through crossing it with a male of well-known genetic 
constitution. 

In a single case I have found such a primary cross-over female. All 
the female progeny from a cross-over male, X<,Fe^, with a female, X^X^, 
will be XoX<> if no crossing-over between X and F in the male happens. 
An X^Xe female only can aris6 through crossing-over. Among the Xg 
offspring of the primary cross-over male, XoFem, with an XoXo female, 
6 female individuals were analyzed by pairing them with XoF^ males 
(Spot Race). The five bore only XoFm niales, 32 in all, and were there- 
fore ordinary XqXq females, but No. 6 has until now borne 2 X^F^^ males 
and 3 X^Fw and must therefore have the formula XoXe, i.e. be a female 
individual arisen through crossing-over in an XoYem male. 

We have thus proved that the e-factor, accountable for the elongated, 
coloured caudal fin of the original male individual, had its seat in the 
X-chromosome and was, therefore, sex-linked in inheritance (XeF«^). 
By crossing-over between the X- and the F-chromosome, it was, in one 
case out of 73, transferred to the F-chromosome {XoYem), whereupon 
the inheritance of the elongated caudal fin became subsequently one- 
sided male. In the 4 male individuals out of 68, the F-chromosome had 
again lost its e-factor which had anew crossed back to the X-chromo- 
some, where it was found in a female individual. 

An individual belonging, in all evidence, to the above-mentioned 
‘‘ Poplarstreet Bace,” was bought in Sept. 1917, from another Copen- 



207 


O. WraaB 

hagen dealer in aquaria and was said to have arrived from Dresden a 
month earlier* The race was, in all respects, similar to the “Poplarstreet 
Race” and, after a cross with a “Spot Race” female XoXo) 
resulted, of which 22 were males, all with a rounded, colourless tail, 
showing that, in this individual also, the 6- factor had its seat in the 
JT-chromosome and that this male, therefore, also had the formula 

The whole matter will now appear clear and we shall therefore 
discuss the deductions which may be made. 

Theoretical Considerations, 

In the present and in a former report, I have shown that crossing- 
over between the X- and the F-chromosome takes place in Lehistes diXidi 
that the sole real difference between their X- and F-chromosomes is 
that the F-chromosome contains a dominant male factor, while the 
X-chromosome contains a recessive female factor. The e-factor, which 
produces the elongated, coloured caudal fin, may cross over from X to 
F and vice versa, which, in other words, means that the male and the 
female factor are evidently allelomorphs which, like other factors, may 
be exchanged between the chromosomes. Nor has a cytological exami- 
nation revealed any morphological difference between the X- and the 
F-ghromosomes. 

Therefore, if it be true that the F-diromosome contains a special 
male factor, this factor must be rather strongly linked to the e-factor, 
for only one cross-over individual has been found among the 73 sons of 
an Xe F^^-male and 4 cross-over individuals among 68 sons of XoXewr 
males. 

It is remarkable that crossing-over has not been equally frequent in 
both directions ; however, as the amount of material was not very large, 
I do not feel justified in attaching any significance to this fact. Much 
stronger is, however, the linkage between the male feictor and other 
factors found in the F-chromosome, such as m {maGulatus% i (widescen£)y 
etc. and the circumstance itself of diversity in the degree of linkage 
between sex- and colour-factors must be taken as evidence of a real gene, 
corresponding to the sex-factor, embodied in the chromosome and com- 
parable with other genes. As to the m-factor, thousands of individuals, 
produced after mating of XoXo-females with XoF^-males, have been 
examined without one single individual with the m-factor missing being 
found. This is very striking. At the outset, one sees no reason why 
these factors should be located so close to the male factor that no crossing- 
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over can take place, but, as stated above, it is quite possible that the male 
factor itself is identical with the m-factor, although in that case one 
must arrive at the conclusion that, with regard to sex-factors, multiple 
allelomorphs exist. Another explanation of the strong linkage of these 
colour-factors to the sex-factor would be that crossing-over is rather 
rare in Lehistes. As said in my earlier paper (1922 a), I have looked in 
vain for a typical stage of synapsis in the spermatocytes, and neither has 
diakinesis been observed. Perhaps the explanation of the strong linkage 
might also be that only factors situated at some distance from each other 
can be exchanged, on account of a pronounced rigidity of the chromo- 
somes. 

It is certain that great difficulties prevent a close study of the topo- 
graphy of the r-chromosome ; for on one hand, the linkage between the 
colour-factors and the sex- factor appears to be strong, while, on the other 
hand, the factor-contents of the female individuals cannot be directly 
ascertained. The future must decide whether factors will be found 
which are linked to the sex- factors in a sufficiently variable degree to 
make charting of the sex-chromosomes feasible. It is obvious that, in 
any case, as far as Lehistes retimlatus is concerned, many colour-factors 
exist which have not yet been analysed, for, although the variations of 
appearance within one single race are limited, a considerable number of 
Zebistes-tyfQS are found with dealers in aquaria as well as wild. 

I have mentioned that, in several of the Lebistes-TSices examined, 
the X-chromosome is empty, e.g. in the ‘‘ Spot Race,’’ and have therefore 
been given the sign Xo . In this case, as well as in all other Lebistes-mces 
observed, the F-chromosome alone contains a colour-factor. In comparing 
this circumstance with the fact that the F-chromosome of Drosophila is 
empty, the comparison is not entirely to the point, in as far as I have 
reckoned with the existence of a female factor in the X-chromosome of 
Lehistes^ whereas the existence of a corresponding male factor in the 
F-chromosome of Drosophila has not been proved. On the contrary, 
according to the latest, very interesting researches of Bridges (1922), on 
flies with an abnormal set of chromosomes, it seems as though the ratio 
between the numbers of autosomes and of X-chromosomes alone de- 
termines the sex in Drosophila. 

At any rate, factors in Lehistes ha!ve been found, as yet, only in the 
sex-chromosomes, while not one has been discovered in the 22 auto- 
somes. Notwithstanding this, the autosomes are undoubtedly factor- 
bearing, even if no special colour- factor exist in them. We do not know 
yet in how far species determining chromatin is present in the chromo- 
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semes and whether it is common to all the chromosomes of one species. 
As only fundamental can be made the object of inheritance 

researches, nothing hinders the supposition that a great many species 
factors exist homozygotically in all the biotypes of the species, and it 
is even probable that several chromosome-pairs contain, in principle# 
the same specific factors. This latter hypothesis seems to be confirmed 
to some extent by the fact that numerical progressions in the number 
of chromosomes are found within systematic genera of the vegetable 
kingdom, e.g. 7, 14, (Ty^iticum) or 9, 18, 27, 36, 45 {Ghrymyithemiim)^ 
etc., which progressions can only be explained by supposing that the 
higher numbers are the result of the addition of two lower chromosome 
numbers after hybridization — or the doubling of the original chromo- 
some-set. New polyploid species, originated by hybridizing two earlier 
species, with a simultaneous doubling of the chromosomes,— the pro- 
bability of which I have established in previous researches (1917)— 
will have the genus-fixing factors redoubled, but this feature is not 
traceable in the descendency of the new types, because they are homo- 
zygotic in the genus-fixing factors, or even several times homozy go tie. 
The fact that polymeric factors frequently occur in polyploid species- 
well known for instance from Nilsson-Ehle’s studies of Avena sativa 
and Triticum mlgare — fully agrees with the supposition that the 
faetprs are repeated several times in the polyploid species; and it is 
quite natural to assume that even species which, on account of their 
number of chromosomes, do not reveal themselves as polyploid, contain 
many specific generic factors which are common to all the chromo- 
somes. Some chromosome researches seem to show that adhesion 
between originally freely “ mendelizing ” chromosomes may take place; 
and a chronic conjugation of chromosomes, in connection with above 
conditions, will result in a gradual, manifold appearance of the same 
factors in each single chromosome— or, in any case, in more than one. 

According to this, all genera of a given family should be characterized 
by the factors peculiar to that family, but they should be distinguished 
from each other by ^' genus-factors/' All the species of a genus should 
contain identical factors, characteristic of that genus only, and further- 
more a great many factors distinctive of the family, and be distinguished 
from each other only by a smaller number of specific species factors. 
All the varieties within one species should, homozygotically, contain 
identical “species-factors" beside the particular genus- and family-factors 
which will probably be present in several or in all the chromosomes — 
and they should be mutually distinguished by one or a few "variety- 
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factors ” having their seat in one or in a few chromosomes, and disclosing 
themselves in Mendelian segregation when the varieties are crossed. 

As two varieties, chosen within a species, only differ as far as a few 
factors, the variety-factors,” are concerned, but are homozygotic and 
isogenous with regard to all the species-, genus-, family-, etc. factors, 
the effect of variety-factors is alone observed in segregations. The 
larger the systematic unit under consideration, the more often must 
the genes, characteristic of that unit, be repeated in all the chromosomes. 

Of course, one could not think of any absolute boundary between, 
for instance, ''species-factors” and "variety-factors,” but we must sup- 
pose that, in substance, those factors which are wddely represented in all 
the chromosomes afford a basis for classification into large, systematic 
units ; their frequent presence in the chromosomes will entirely prevent 
a segregation into types in which these factors are lacking and, with 
them, the corresponding morphological and physiological particularities; 
and the loss or the modification of a few such factors could hardly 
provoke any immediately visible mutation, because many others of the 
same nature would be left. At the most, this eventuality could be 
imagined to tend, throughout a long period of time, towards a slow shift 
in the characters of the species — a condition of things which might be 
associated with biological evolution. 

The Presence-Absence Theory. The Denomination of Factors. ' ' 

According to the opinion of many geneticists, on the nature of 
factors, the type holding the dominant factor contains a gene which 
is missing in the type holding the recessive factor. This theory has 
been named the "Presence- Absence Theory.” It can be said to have 
given satisfaction until multiple allelomorphs were recorded, but after 
that it fell short, as the existence of a certain number of different types, 
all recessive to one and the same dominant type, could of course not be 
explained by the absence of the gene corresponding to the dominant 
factor. The notion imposed itself that, like the dominant type, the 
recessive type possesses a gene, but that this gene differs in value from 
that of the dominant type — and has a different value in the different 
recessive allelomorphs. According to this, multiple allelomorphs should 
originate from genes, diverse in value, but having the same location in 
the chromosomes. This conception is unquestionably gaining ground. 

' It has been seen from my XeSi^te-formulae that I use the denomina- 
tion for an Z-chromosome which contains no colour-factors, i.e. a 
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mode of denomination in conformity with the original conception,— and 
this has been done deliberately, 

Aida applies the formula to a male which I would designate 
by XrYo. In the first place, Aida uses X and F as indexes showing the 
location of the factors considered and thereby gives more prominence to 
said factors. In my own work, I have made a rule of using the factors 
as indexes to the chromosome-denominations, for the reason that, to 
keep abreast with the recording of more and more factors in each chro- 
mosome, an expression as, for instance, AAXrspnYrv admits, according 
to my idea, of more rapid discrimination than AARxBySxPxXxVy, 
With my system, the factors and their location in each of the chromo- 
somes are seen at a glance. As the charting of autosomes progresses, 
their factors could be represented in the same manner, e.g. ItuHudj 
etc. and the factor-set of a diploid ItmiiUhhccddi this latter 

example corresponding to a homozygotic individual. In consequence, 
I would first of all change Aida’s denomination, ^ 

Furthermore, Aida has chosen J? to represent the factor for the red 
colour, as most geneticists would have done, and r for the recessive 
allelomorph of this factor, whereas it. would have been more descriptive 
to denote the factor for red by r (or R) and its absence by 0 ; whether 
R or r should be chosen, would depend on whether red is dominant or 
recessive in relation to the normal type. My reason for choosing 0 to 
denote the absence of the colour-factors »is that precisely the study of 
Lebistes (and ApZocAeiks) very decidedly tend to bring about the con- 
ception that, whichever be the colour-factor considered, its allelomorph 
will be equal to 0, i.e. that the corresponding gene is missing in the 
recessive” type or is, in any case, inactive. 

I have shown that, as crossing-over takes place between them, the 
A- and the F-chrombsomes are partners to the same extent as the other 
chromosomes in Lebistes. According to the current notion, each factor 
in the F-chromosome should therefore have a corresponding allelomorph 
in the X-chromosome, and vice versa. Thus, the factors which I have 
called myiyfj TySBxid e should- all have their corresponding allelomorph 
factors in the chromosome partner; but we have seen in the crossing 
experiments that whether we take a female in which m is lacking, or 
one in which i is lacking— ie. whether the female belongs to the ‘'Spot 
Eace ” or to the “ Old^Eace it contains the same factors, that is to say 
none (XoXo) from the accountant’s point of view, as far as colour-factors 
are concerned, or, in other to or neutral genes. 

According to the current mode of denomination, my Lebistes females 
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should, in one case, have the formula i.e. those of the ''Spot 

Race,'' where the males should be called but if belonging to the 

" Old Race," their formula would be XfXi and that of the males X^Fj; 
but whether we use the females of one race or the other, the result is 
exactly the same : the two kinds of females are identical as to inheritance, 
i,e. they are formula which is in so far irrational as m = i and 

equal to all the other "recessive " allelomorphs, which are all equal to 0. 

This discussion touches the question of the right conception and 
denomination of genes or factors, and much would undoubtedly be 
gained if a uniform mode could be agreed upon. 

In i)7'osopMa, the organism which has hitherto been the most 
extensively studied, the '‘Normal Type," i.e. the wild type, is the 
established base upon which the whole terminology of factors has been 
built up. When forms appear, which are recessive with regard to this 
base, they are denoted by the corresponding small letters, while new 
dominant forms are denoted by capitals. 

In jinfoVr/nmm, there is no such decidedly normal type to refer to, 
and we might say that, here, the denomination of factors generally 
refers to an entirely recessive type. 

In reality, the results are alike. In both organisms, the value of the 
factors is established in relation to a given type of fixed habitus or— in 
case the entirely recessive type is not viable — in relation to a type, the 
aggregate characters of which^have been determined theoretically. 

It makes no difference whether the type in question is measured or 
characterized in comparison with a wild type, chosen as "normal," 
or with an entirely recessive type. In both eases, the notation is relative, 
because it implies reference to a type, an individual of the same species, 
with which all other types are then compared. 

Genetical science does not seem to take any interest in the syste- 
matic basis of the species as such. But we should say that this is an 
appearance only. 

The present system of denoting factors— or rather pairs of factors 
— unavoidably presupposes that all types belonging to a species possess 
the same number of genes : any type must either possess the recessive 
or the dominant allelomorph of any pair of factors. ^ ^ ^ 

On reconsideration, this is a rather curious idea, which immediately 
calls forth the question as to whether all the species of a genus, all the 
genera of a family, etc. also have the same number of genes. Logically, 
and fi:om a formal point of view, this hypothesis need not yet run against 
any self-contradiction. . Taking Antirrhinum as an instance, and F to 
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stand for the red of its flowers, there could be no objection to the use 
oiff, not only for all ivory-coloured Anth'rhimim^ but also for all white 
peas or all animal organisms ; for, in fact, none of the latter possess 
the predisposition to red of the Antirrhmiim corolla. This, precisely, 
shows that, in the study of inheritance, the tendency to formalism is 
becoming rather pronounced. 

There is hardly any reason whatever to suppose that two different 
varieties possess an equal number of inheritance-elements, i.e. genes. 
Even as the different species of a genus may hold chromosomes of 
entirely differing number and aspect, and therefore— if our conception 
of the genes, as arranged along the longitudinal axis of the chromosomes, 
is to hold at all — must have a widely differing number of genes, so it 
must no doubt also apply to the varieties within the species, that they 
need not contain the same number of genes. 

The mistake we make in continually considering the number of 
genes as constant and identical in all related (and unrelated) organisms, 
very likely derives from the fact that our conception of the allelomorphs 
is somewhat erroneous and that, in principle, we iniist revert to the old 
presence-absence theory which, alone, explains why a type, a variety, 
a species, etc. can hold certain genes that are entirely lacking in others, 
where not even a corresponding gene-partner is found. 

JS’ot only in this connection do we get the impression that the 
presence-absence theory holds good. This ’•applies to almost any genetic 
question. Of course, it makes no great difference whether, to explain 
a recessive factor, we assume the existence of a gene which is, under all 
circumstances, inactive, or whether we simply deny the existence of any 
such gene. But I suppose that the distinction between non-ditferen- 
tiating and differentiating elements really ought to find its expression by 
attributing the denominating “ genes ” exclusively to the latter, while 
the former should, from a genetical point of view, be represented by 
zero (0), as having no traceable influence on the sum of inherited elements 
of the organism. In reality, it is perhaps unessential whether the factor- 
denomination is assigned to the dominant or to the recessive allelomorph 
(its partner being put equal to 0). At any rate, it will no always be 
possible to decide which one of the two allelomorphs should have the 
factor index. It seems natural, however, as all recessive allelomorphs, as 
m, i, f, r, etc., have the same indeterminate value, to give them the 
value zero; in fact there is no difference between them, neither re- 
latively nor absolutely. Although the study of mheritance essentially 
concerns relativity and fundamental the real and, to my 
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mind, indispensable basis, would be generally to take 0 as the value 
of the recessive factors or genes and to count with positive values of 
recessive factors or genes only in such more rare cases as, for example, 
multiple allelomorphs. Referring to the latter case, one could imagine 
some slight shift in the chemical nature of the gene — provoking a special 
activity of each of the allelomorphic genes — to be the cause of the appear- 
ance of multiple allelomorphs; and in the first case, a shift in the 
chemical nature of the gene, to such an extent that the gene entirely 
lost its difFerentiating influence on the type. 

In spite of this opinion, I have no doubt but that it wmiild generally 
be inconvenient to apply another mode of denomination to the factors, 
than the present one. Zero as an index for the lack of a factor, would 
often be less suitable than a small letter, partly, because one is not 
always able to decide whether an allelomorphic factor is really missing 
in the case under consideration, partly, because the use of a small letter 
would often give a clearer formula. On the other hand, it would be 
convenient, when comparing to a “ normal type,” to be able to symbolize 
the factor, characterizing a different and recessive type, by a small 
letter, for instance a, the allelomorph of the normal type being here 
equal to 0, and to symbolize the factor of a dominant type by a capital 
letter, say, B, the allelomorph of the normal type being again 0. 

Although, for my work on LehisieSy I have tentatively used a mpde 
of denomination which was, in my opinion, more correct than the one 
used hitherto, I am quite aware that this method might cause some 
inconvenience in certain cases. The future must decide upon the system 
to be preferred. 

As said before, there can hardly be any question of dominance or 
recessivity as far as the colour- factors in Lebistes are concerned. In the 
female, no colour-factor whatever can be traced ; and in the male, 
when comparing to Drosophila conditions, even recessive factors would 
evidently appear and, a /oHion, the dominant ones. As however, at 
variance with crossing-over between the X- and the 

F-chromosomes is possible in Lebistes, we might say that the colour- 
factors dominate their recessive allelomorphs but, as the latter are equal 
to 0, the index for dominance does not mean very much in this con- 
nection, as in many others ;— it would simply mean that the gene, if 
present at all, manifests itself phenotypically in the male. 

Considering the sex-factors in LebisteSy it is possible that real allelo- 
morph factors exist, i,e. the male and the female factors, although we 
might conceive that, here again, the male sex-factor alone acts positively. 
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whereas the female factor is 0, i.e. does not alter the female character 
in the male direction. 

It will be one of the tasks of the future to determine the dimensions 
of the genes. By calculating the percentage of crossing-over in Dro- 
sophila, the location of a great many of its chromosome-factors has 
already been charted, taking it for granted that the cross-over per- 
centage may still be considered mainly as some function of the distance 
separating said genes along the longitudinal axis of the chromosome. 
The dimensions of the chromosomes being known, as well as the number 
of factors recorded and the relative distance between these, one may 
vaguely conceive the smallness of the units of measurement which will 
have to be used in connection with the genes. Probably, the length of 
chromosome to be considered in such calculations should be that charac- 
teristic of the synapsis stage, or an adjoining stage ; it is probable that 
the genes of the chromosomes we observe, for example during the 
heterotypical division, are not strung along a straight line, but bunched 
like the beads of a row, kept in a wide test tube or the like. Unfor- 
tunately, the length of the chromosome at the stage of synapsis cannot 
be easily measured ; a rough estimate will, however, show that we are still 
far from dimensions as for instance those of the molecules of albumen. 

Even from a slight crossing-over as, say, 0*2, between two strongly- 
lin|:ed genes, we can conclude nothing as to the size of the genes, for 
two genes may of course be in close vicidity, whether they are large or 
small. It is necessary to know at least three neighbouring genes before 
being able to estimate the dimensions of the space occupied by the 
middle gene, — and it would be important that more observations be 
made of such strongly-linked genes, for the furtherance of the knowledge 
of the size of the genes. By the way, we do not know whether the genes 
take up the entire length of the longitudinal axis of the chromosome. 

Sex-Linked, Sew-Limited a7id Om-Sided Inheritance. 

As a contribution towards, the adoption, in scientific literature, of 
uniform terminology for the various modes of inheritance (at present, 
such terms as ''sex-limited'' and ‘'sex-linked" are often used at random), 
I would point out that the denomination (geschlechts- 

gebunden) ought to be applied only to conditions of inheritance 
explainable by the presence of the factor in question in those sex-chromo- 
somes which are normally found in individuals of both sexes {X- and 
.^-chromosomes). " (einseitig) inheritance should be used 
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only in such cases where the factor in question has its seat in that 
sex-chromosome which is normally found in one sex alone ( and 
If-chromosomes), adding the mention male ot female so as to specify 
whether said factor belongs to the 7- or to the F-chromosome. The 
value of this distinction is not lessened by the fact that crossing-over 
between X- and 7-chromosoines has been proved, for nothing opposes 
the notion that, through a genetic displacement, one mode of inherit- 
ance may change into another. As to the denomination ^'sex-limited” 
inheritance, we are less fortunate because the secondary sex-characters, 
to which the term is generally assigned, are usually due to autosome- 
factors which, however, produce an exclusively phenotypical effect in 
individuals of one of the sexes. The milking capacity in cattle, the 
production of lupuline in hop, are instances of so-called (female) sex- 
limited inheritance. In reality, it is not a question of any special mode 
of inheritance, so far as we know, but only of phenotypical differences 
dependent on sex-determination. For this reason, the expression sex- 
limited inheritance'' is not very judicious in any case. Sex-limited 
manifestation " would be better. Phenotypically sex-limited inherit- 
ance " might perhaps do. 

ResumA 

A factor e {elongatiis\ inVblving an elongated caudal fin in male 
individuals of Lehistes reticulatus^ Bhows sex-linked inheritance, for 
which reason the e- factor must have its seat in the Z-chromosome of 
the male. 

Crossing-over between the Z- and the F-chromosome is recorded, 
the <?-factor thereby being transferred fi-om the Z-chromosome to the 
F-chromosome. Males having thus their e-factor in the F-chromosome, 
show one-sided male inheritance of the elongated tail fin. 

In these cross-over males, having the 6-factor in the F-chromosome, 
a new crossing-over may take place between Z and F, so that the 
6- factor returns to the Z-chromosome, and so on. The mode of inherit- 
ance is therefore continually oscillating between sex-linked inheritance 
and one-sided male inheritance. 

The above shows that the X- and the F-chromosome in Lebistes 
respectively contain a dominant male sex-factor and a recessive female 
sex-factor; also that this pair of factors is entirely like other pairs 
because its location in the chromosome is certain, and because it shows 
linkage to colour- factors, crossing-over, etc. In the above respects. 



6. WiNGB 217 f 

the divergence from conditions in Drosophila melanogaster is rather 
striking. 

The Presence- Absence Theory and an ideal terminology are dis- . 
cussed. 
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GE^WnCS OF PRIMULA SINUNSIS. 

By the late R. P. GREGORY, M.A., Miss D. de WINTON, 

AND W. BATESON, M.A., F.R.S. 

{The John Innes Horticultural Institution.) 

(With Plates X^XVII.) 

At the time of his death in 1918 R. P. Gi'egory was continuing the 
experiments on Primula sinensis which had occupied him since 1903. 
He published a paper in 1911 giving several results already arrived at, 
and subsequently notes dealing with special points. These publications 
however represent only a small part of the ground covered by his work, 
which in 1918 had already extended over many features not previously 
reported on at all. During his lifetime the plants were grown partly at 
the Cambridge Botanic Garden and partly at the John Innes Horti- 
cultural Institution. Those at Cambridge were, during the war, mainly 
in^the care of Miss Killby, who carried out the manipulations. At Merton 
the work was undertaken by various members of the staff, especially 
Mr Backhouse, the late Mr E, J. Allard, Miss I. Sutton, Miss Thornton, 
also by Miss A. Sverdrup, and several other volunteers ; but for some 
part of each year Gregory attended and recorded the results himself. 
After his death the Cambridge experiments were wound up, and the 
Merton section was somewhat extended. So much of the work we have 
now to describe owed its inception to Gregory, or has grown out of 
material with which he dealt, that his name most properly stands at the 
head of the present publication. 

Some 18 pairs of characters have been investigated more or less 
fully. They relate to the forms of the leaf; the forms of the corolla; the 
anthocyanin colours and their distribution in vegetative structures, petals, 
and the gynoecium, especially the stigma ; the extent of the yellow pig- 
ment surrounding the eye ’'of the flower; the heterostyle condition; 
single and double flowers. 

Interactions have been observed between factors affecting primarily 
the leaf-shapes, and those producing distinctions in the corolla-shape. 
Crimping of the leaf, for instance, is associated with fringing of the 



220 


Genetics 0/ Primula sinensis 

petals, the tongue-shaped leaf with an elongation and narrowing of the 
petalsh etc. These are associations which might be expected, but the 
intensification of the crimping which results when the sinensis flower 
is transferred to the crimped leaf is curious. The most remarkable of 
these interactions is that between the factors governing the extent of 
the yellow eye and those affecting the margin of the leaf. This mass of 
interactions, involving three distinct sets of characters (petal shape, eye, 
leaf margin), has not yet been completely anal 3 ^sed. An outline of the 
facts is included in this paper. The essential points are 

(1) The normal eye is not compatible with the crimped leaf which 
entails some extension of the eye. 

(2) The most extended eye (that called ‘'Primrose Queen'') is . 
compatible with a perfectly flat leaf; but when this eye is combined 
with a slightly crimped leaf, the crimping is intensified. 

A good deal of information has been acquired as to the giant varieties, 
some of which are tetraploid, and as to defect of chlorophyll in the 
leaves, etc., but these two subjects are not treated of in the following 
paper. 

Mateeial. 

The bulk of the plants were derived in part from those which had 
been experimentally bred in Cambridge since 1903, and in part from 
Messrs Sutton's collection. We acknowledge gratefully the constant 
assistance we have had from Messrs Sutton, who have put their experi- 
ence unreservedly at our disposal. We have also to thank Messrs Carter 
for a set of their double-flowered oak-leaf variety which was brought 
into the work in 1916. 

Besides these forms which are more or less familiar greenhouse objects, 
we received in 1913 a plant hereafter spoken of as "Lee's" which is new. 
Mr E. Lee, then of the Botanical Staff at the Birkbeck College, since 
killed in the war, called in 1913, bringing a plant with some novel 
characteristics. He said that this form had appeared spontaneously in 
the vinery of a private garden at Egham, and had since bred true. The 
edges of the palmatifid leaves were much crimped (details below). In 
correspondence with -this peculiarity the petals were minutely crenelated. 
These crenelations were like those in the ordinary sinensis flower, but 
more numerous and more regular, giving the corolla a fringed appearance. 
The flowers were douUe, this doubling being of the peculiar kind called 
by Gregory (1911, p. 90) "ordinary" (i.e. for modern strains), in which, 

^ The ** oak ” leaf causes a freq[uexiit deformation of sinensis flowers if single, but this 
effect is not noticeable in doubles or in tlciQ stelMa forms (see Figs. 33 and 34). 
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each petal bears an extra limb arising at the mouth of the tube, standing 
in the reversed attitude characteristic of this type of doubling. The 
yellow eye was large, but in double flowers the exact nature of the eye 
is often ambiguous. The colour was pale mauve> The fringe made the 
flowers look like smensis in shaped and the colour was taken to be of the 
magenta class. Subsequent breeding showed that the shape was stellata, 
and that the colour was genetically red : for crossed with red stellata 
single, Fi was red stellata single, and all the later history was consistent 
with this determination. The eye proved to be altogether peculiar. 
When combined genetically with singleness (Fig. 35 D) it was found to be 
a broad yellow eye, slightly less extensive than that of Primrose Queen 
(P. Q.), but the greatest extension is not central (as in P. Q.) but lateral, 
so that the yellow patch is in each petal bilobed. Moreover, whereas in 
P. Q. the style does not, in long-styled plants, rise above the anther-ring, 
the style of Lee’s comes to the top of the tube as usual. 

Both in crimping, colourj shape of flower, and eye-structure, Lee’s is 
distinct from any variety hitherto known, and its spontaneous occurrence 
constitutes a mystery. Crimping in a slight degree occurs in two other 
varieties whose peculiarities will subsequently come up for consideration. 

It seems at first that whatever variety may have been the immediate 
parent of the Lee’s type, sevei^al factors must have been lost in its origin. 
This however is not a true inference. The crimp of the leaf and the 
fringing of the petals have, as might be expected, proved to be genetically 
inseparable, and are due to the loss of one factor. Also all attempts to 
combine the ordinary small “eye” with the crimped leaf have failed, 
though either form of large eye, whether the Lee’s or the P. Q. sort, is 
compatible with it. Lastly the light pink of the corolla always has a 
mauve tinge when the leaves are crimped, so much so that accurate 
sorting of reds from magentas is almost impossible in a crimped class 
which contains both. Hence the distinctive features of Lee’s may 
reasonably be attributed to the loss of a single factor only. 

Forms OF THE Leaf. 

In referring to these we use the terms /era, and crimped. 

They are controlled by three allelomorphic pairs, of which none are 
linked to each other. All the combinations have been now made except 
one which is doubtless equally possible (fern, crimped). 

Palm is the normal palmatifid shape, 

1 On crimped leaves we find that sinemis can always be distinguished from stellata by 
the possession of the much inflated calyx with ten or more teeth, not five as in stellata. 
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Fern (fig, 21) is a familiar recessive to it (Gregory, 1911, PL XXX, 
fig. 7), Factorially these are represented as P and To determine 
precisely the powers of P is not quite easy. In its absence the width of 
the leaf is much reduced and the shape becomes pinnatifid. The whole 
number of chief divisions of which the leaf consists is somewhat increased. 
Apart from minor serrations, the apical lobe is trifid in each. This in 
the palm is succeeded on each side by two lobes each nearly as large as 
the apical, posterior to which is a large lobe almost always recognizably 
divided into four subordinate parts, the posterior edge being free from the 
petiole and forming a flounce at the base of the leaf. In the fern the 
apical lobe is succeeded on each side by three lobes about as large as the 
apical, behind which is a series of some five or more lobes decreasing 
successively in size, arranged as a set of decurrent pinnae arising directly 
from the petiole. The whole number of lateral lobes is thus larger in 
the fern, being about eight on each side, as against six in the palm, 
counting the four subordinate divisions of the large posterior lobe 
separately. Of course, as in all similar examples, these numbers may 
differ in different plants and in the leaves of different ordinal positions, 
but the numerical distinction is clear in any pair of well-grown leaves 
occupying comparable positions. The minor serrations are also distinctly 
more numerous in the fern leaf. The palm and fern leaves may perhaps 
be said to differ somewhat as the 5-rayed limb of the mammal differs 
from the many-rayed fin of th^ fish. 

Oahm a form known in horticulture under that name (Figs. 22 and 
25). It also is a simple recessive to palm. The number of lobes is smaller 
than in palm. Posterior to the anterior portion, which might be taken 
to represent the trifid apex of the normal, there is a deep sinus which 
comes in nearly to the midrib. Next follows on each side a large serrated 
and partially bifid lobe, separated posteriorly by a still deeper sinus from 
a similar large and bifid lobe. This posterior lobe is always so completely 
separated from the rest of the leaf as to constitute an independent leaflet. 
The serrations are much fewer than those of the normal palm. 

At the apex of each serration is a hydathode, or water-pore, which is 
figured in Jost’s Plant Physiology, trans. by Gibson, Oxford, 1907, p. 57. 
The number of serrations is therefore that of the hydathodes. In view 
of what follows, information as to the exact mode of origin of these 
structures is desirable, 

A comparison between the lobing and the serrations in palm, fern, 
and oak {aWflat leaves, not crimped) is given in the following tabulation. 
The numbers are those of the serrations counted in a well-formed and 
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characteristic leaf. Each lobe is given separately (c£ Figs. 24 and 25) 
and the brackets indicate the grouping of the subordinate lobes into the 
larger ones. 


Normal Palm 




(e.g. “ Etna" 

) 


Fern 


15 





13 — 

12 

9 

— 

10 

17 — 

14 

12 

— 

10 

( 9 


13 

— 

13 

6 — 

26 

5! 

17 

— 

13 

4 — 

12 

— 

13 

[ 5 — 

6] 

9 

— 

14 



7 

— 

7 



4 

— 

8 

54 15 

52 

83 

13 

88 


Oak 


9 


13 1 

f 9 
i 4 

= 

15 

17 1 

111 

1 6 

~ el 

14 





30 

9 29 



Total 121 Total 184 


Total 68 


Fern and oak are simple I’ecessives to palm. Fern x oak gives palm, 
and in the combination fern-oak appears. Homozygous palm has not 
yet been raised from this cross, though presumably this could be done. 
Fern-oak, in addition to the apical lobe, has on each side about four large 
lobes and two small ones at the base. Serrations in it have been observed 


as follows : 


6 

6 — 7 

8 — 8 

9 — 9 

9 6 • 

2 — 3 

1 — 2 


35 6 35 Total 76 

Between each lobe there is a deep sinus, as in the palm-oak. 

The details given bj?- no means completely represent the leaf-shapes 
even of flat forms. F or instance one of the palm-leaved varieties, “ Czar 
(blue, with coloured gynoecium), may have as many as 165 points, but 
the width of the leaf in this variety is considerably greater than that of 
the normal and the margin lies flat. By small distinctions between the 
leaves, an accustomed eye could probably recognize most of the pure- 
breeding strains. Such details we have not attempted to analyse. 

Crimped forms. In Lee's, which was our original crimped, the edges 
of the (palm) leaves bear a great number of points each with a hydathode, 
which commonly, if not perhaps always, is connected with a vessel. Each 
of these has evidently the power of independent growth uncoordinated 
with that of the limb of the leaf as a whole. The margin is thus enor- 
mously increased and crimping results. These little lobes have varied 
shapes (Figs, 26 and 27), most often forming lancet-like processes with 
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parallel edges, but often also widening out at the sides so that the hyda- 
thode stands as the cusp of a widely curving bracket. The processes 
overlap each other irregularly and the consequent crumpling of the 
edges of the leaf turns them downwards in greater or less degree. The 
normal division of the main lobes is preserved, and these are as usual 
one apical, and on each side bwo more, with a broad more or less quadri- 
partite lobe posterior to them. 

This crimping is quite distinct from that of such plants as parsley, 
curly kale or some forms of Seolopendrkim. In them, owing to the multi- 
plication of points, the edge of the leaf is much extended with consequent 
crumpling, but there is no development of small, minor lobes or processes 
as in these Primulas. Analogous developments may however be seen in 
Begonia mamcata^ var. crispata. Teucrium Scorodonia has also a some- 
what similar variety, which was the subject of a paper by M. C. Raynerk 

In the original Lee’s, a stellata, the number of points is about 630, 
that of a normal flat palm being about 120-130 ; but when the sinensis 
flower is combined with the crimped leaf the number is enormously in- 
creased. The points are then diflScult to count accurately. We have 
counted at least 1440 in a leaf of this kind. 

The combination of crimped leaves with sinensis flowers involves 
another peculiarity. When such plants are about a year old some at 
least of their leaves become excessively crimped, the edge of the^ leaf 
being prodigiously elongated^so that it is greatly contorted. Their leaves 
become so much folded as to hang almost like balls from their petioles 
(Fig. 36). From the fact that the points cannot be counted on the same 
leaf both when young and again when old, the question is difficult to 
decide quite positively, but we have little doubt that leaves of this com- 
bination have the power of developing new points as they grow older. On 
such a leaf (Fig. 19) at about 18 months old, in which the development 
was by no means extreme, 7000 points were counted, and doubtless much 
higher numbers occur. A bit of the edge of this leaf is shown in Fig. 27 
magnified. The hydathodes Which, when they develop, constitute the 
points” are visible in such leaves at all stages of development, from 
slight bulges in the outline to finger-like elongations. They are not 
present in the sinuses between the chief points. Such developments 
have, we suppose, been studied by botanists, but we know no literature 
bearing on the subject. 

Whether all the leaves on these plants are capable of increase in the 
number of hydathodes we cannot say. The change is much more stinking 
^ This Journal, Vol. vn. Pi. X. 
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in some than in others. The appearance might perhaps be due to the 
development and increase iii size of points already predetermined as 
rudimentary hydathodes, but from the presence of many still rudimentary 
in these old leaves, we incline to believe that an increase in number 
actually occurs. Nothing suggestive of this phenomenon has been seen 
in the leaves of any other combination. 

Crimping combined with oak shape also increases the number of 
points, but in much less degree. Crimped-oak (sinensis) has about 96- 
100, instead of the 70 of fiat-oak. 

Besides the much crimped Lee’s variety we have lately begun to work 
with a strain grown by Messrs Sutton which exhibits crimpin“g in so low 
a degree as at first sight to be scarcely comparable. This (Fig. 30), which 
we call Sutton s crimp has about 235 points to the leaf with distinctly 
noticeable marginal imbrication. From the fact that this form has the 
same influence on the eye (though in a lower degi’ee) as Lee s has, there 
is no doubt that it is essentially similar. 

Under the name '' Moss-curled ” Messrs Sutton cultivate still a third 
type, with leaves crimped slightly, but in a definite and peculiar way. 
From various indications we infer that this variety is cytologically dis- 
tinct, having an excess of chromosomes. In crosses with the normal, 
signs of genetical incotnpatibility appear. As to its factorial composition 
no statement can yet be made. 

Though the si7ie7i sis flower makes an enT)rmous difference when trans- 
ferred to the Lee’s crimped, giving it about 1440 instead of the 630 
characteristic of the corresponding stellata, there is no corresponding 
distinction between the flat leaves when combined with either of the 
two flower-shapes, sinensis and stellata. 

Apart from the novel phenomena of interaction to which allusion has 
been made, the genetical interrelationships of the leaf-shapes are not 
altogether w^hat might be expected. The small number of lobes and points 
in palm dominates over the larger number in fern, whereas the still 
smaller number of divisions of both kinds in the oak is recessive to the 
larger number in palm. Possibly the critical distinction in the oak is 
really the formation of the deep sinuses, with a decrease in number of 
divisions consequent upon it. The curious form described by Gregory 
(1911, p. 87) as ivy,’’ which has long ago^ lost, though possessing 
the usual number of major lobes had a smooth, undivided edge. It also 
was a recessive to palmate. That there should be simple dominance in 
all these cases is in itself remarkable. Commonly in other plants the 
heterozygote between a less cut type and a much cut variety is inter- 
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mediate. (ShuIFs Gapsella; Hibiscus bred here, etc.) Evidently the 
interrelations of the Primula leaf-shapes are of a different nature, and 
the subject might repay investigation in greater detail \ 

The Eye of the Flower and its delation to 
Crimping of the Leaves. 

Gregory showed that the normal small yellow eye is dominant to the 
large eye of Primrose Queen (P. Q.). This peculiar form in which the 
yellow extends up over about a third of the limb of the petal was figured 
by him in PI. XXX, fig. 12 (see also our Fig. 35 C). The white eye of 
“ Queen Alexandra ” PI. XXX, fig. 11, etc.), in which the yellow 
colour is almost totally suppressed, proved to be in varying degrees a 
dominant over both the other two types. Heterozygotes in this case are 
sometimes easily recognized as such, but by no means always. The 
character is interesting as the only one, besides the dominant white, 
which we must regard as an addition to the make-up of the species since 
it arrived in Europe. 

The Lee’s variety introduced a new type of eye, in which the yellow 
is only a little less extensive than in Primrose Queen, though the two 
can be immediately distinguished by the position of the stigma, which 
is normal in Lee’s but below the anthers in P. Q. Lee’s eye is recessive 
to the white eye, but is dominant over the P. Q. eye. 

The white eye, the normal^ and the P. Q. eye form a series of multiple 
allelomorphs, in this descending order (Fig. 35). They are three quanti- 
tative stages in the amount of yellow. The third term never appears in 
the descent from crosses of the other two, if pure. Complication is intro- 
duced by the special relations in which these forms of eye stand in regard 
to the crimping of the leaves. The limiting and obvious facts are: 

1. The normal eye is never combined with the fully crimped leaf. 

2. The P. Q. eye is compatible with the flat leaf but the Lee’s eye 
is not. Since the P. Q. eye has a greater extension than the Lee’s this 
is unexpected. 

3. P.Q. flat X Lee’s crimped gives normal eye, flat leaf. 

^ Another form of the leaf exists in one of Messrs Sutton’s strains of the “Duchess” 
colour to which they now give the name As it is quite distinct from the old “ivy ” 

with which Gregory worked we prefer to call it “tongue,” a name which iairly well 
describes the shape of its elongated little-cut leaves. Petals on tongue-leaved plants are 
never normal, being elongated, and narrowing towards the periphery, somewhat as the 
leaves do. A similar alteration in the petal-shape in connexion with the leaf-shape is 
mentioned above as seen in the orimped forms. We have not yet worked with the tongue 
^strain,;, 
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i ^2 consists (7 families) of flat leaves, with eyes normal or P. Q. ; and 
leaves, with eyes Lee's or P. Q. 

The cross of Lee's crimped by P. Q. flat has given Fn families as follows : 


Flat Crimped 


Reference 

Number 

Normal eye 

P. Q. eye 

Lee’s eye 

P, Q. eye 

156/20 

96 

35 

9 

5 

99/20 

8 

2 

1 

— 

104/20 

30 

8 

7 

4 

110/20 

27 

15 

3 

3 

83/22 

19 

11 

15 

3 

84/22 

42 

13 

10 

6 

87/22 

106 

38 

32 

12 

Totals 

328 

122 

77 

33 


These numbers are very irregular, though suggesting the ratio 
9 : 3 : 3 : 1, which gives the expectation 315 : 105 : 105 : 35. The subse- 
quent history is consistent qualitatively with this representation inas- 
much as 

(1) Lee’s crimped (het. in P. Q.) x P. Q. crimped gave 74 Lee's, 
54 P. Q., all crimped. 

(2) Fi flat normal (from Lee's crimped x P. Q. flat) x Lee’s crimped 
gave 345 flat, normal eye, 215 crimped, Lee’s eye. 

(3) flat, normal eye (het. in P. Q.) x flat P. Q. gave 260 normal 
eye^, 250 P. Q. eye, all flat. 

(4) Lee’s eye, crimped (het. in P. Q.) x flat P. Q. gave 62 normal eye, 
72 P. Q. eye, all flat. 

In each case equality of numbers is expected, from which several 
results depart widely. Such numerical irregularities are frequent 
throughout this work (see the section on this subject) but the classes 
produced are those we expect. In addition to those given, we have 
the results from various derivatives selfed, which are all confirmatory. 
Homozygous leaves with normal eyes have not yet been bred as 
derivatives from these matings, but presumably that could be done 
without difficulty. 

From these facts we conclude that the Lee’s eye is genetically 
identical with the normal eye, but that it is modified and extended 
when in combination with the crimped leaf. If this were all we might 
say simply that the effect of the crimped leaf is to extend the eye. 
Therefore we should anticipate that the P.Q. eye also, when on the 
crimped leaf, would be even fijrther extended. P. Q. flowers in this com- 
bination however are always somewhat deformed (Figs. 11, 31, 35 E), 
having the edges of the petals more or less rolled inwards, with a very 
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narrow free limb. The appearance suggests that the eye is enlarged, but 
in such flowers no very strict standard of comparison can be applied. 

We now meet a further complication. Since the P. Q. eye produces 
no noticeable effect on the normal flat leaf it was with surprise that we 
found that ill F 2 , from Sutton's crimped x P.Q. flat, those plants which 
combined the R Q. eye with the crimped leaf were so much crimped as to 
be indistinguishable from the Lee's crimped type itself (see Figs. 31 and 
28). Were it not that their eye was P. Q. and not Lee's, we might have 
imagined that Lee's was again newly arisen in this recombination. It 
should be observed that the P. Q. eye has no noticeable effect on the 
crimping of Lee s, but only on that of the less crimped type. At present 
we know no parallel to this mutual influence of two such dissimilar 
features upon each other. 

The “Old Double" type. 

The late Mr E. J. Allard devoted great labour to obtaining a cross 
with this type. The petals are indefinite in number, succeeding each 
other in imbricate fashion and entirely replacing the stamens of which 
no trace remains. Almost always the stigma, if present, is split open, 
the ovules in the gynoecium being exposed. Such flowers of course 
produce no seed. By repeated fertilisation with singles two seeds were 
successfully produced on a flo’^er in which the deformity was presumahly 
not so extensive, and subsequently a third from a distinct cross. According 
to the record the male parent in the first case was a short-styled tetra- 
ploid ^, the second having been an ordinary diploid. There is no reason 
to doubt the record, but if authentic it is the solitary instance of a success- 
ful cross between diploid and tetraploid plants. The strain derived from 
the cross was lost long since and no further evidence about the cytology 
exists. 

This imbricate type of doubling behaved as a recessive, recurring in 
somewhat irregular proportions. 

The original consisted of 26 singles, no doubles. The absence of 
doubles is consistent with the belief that the male (single) was tetraploid, 
for only one double in sixteen would be expected. But the Fo from the 
cross with the single, ubich was certainly diploid, gave 33 singles, 
2 doubles, again a notable shortage. The subsequent families in each 
set showed no special departure from a 3 : 1 expectation. 

^ Kamely, a Giant. At that date no cytology had been attempted, but the strain to 
which this plant belonged has since been proved to be tetraploid. 
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The imbricate double is possibly linked with the style-form, whether 
long or short. In these double flowers, which have no anthers, the con- 
dition of the style cannot be readily told by direct observation ; but since 
the first cross was made with a short-styled father, and longs reappeared, 
the double must have been genetically long-styled. 

The Harlequin type. 

In Pg from the cross imbricate double x diploid single a very peculiar 
new type appeared which we call Harlequin. In it, one, two, or rarely 
three of the petals are fully or almost fully coloured (whether red, 
magenta, or otherwise), the other petals being white or whitish. The 
coloured petals are of the full size, whereas the pale petals are smaller 
in various degrees, being sometimes much reduced in size. This type 
has occurred in both the stellata shape (Fig. 15) and also in the 
shape (Pig. 14). The deeply coloured petals, in the folding of the flower- 
bud, are internal. This fact suggested that possibly the pale colour of 
the outer petals was due to some special sensitiveness to the action of 
light, but flower-buds covered with black paper at an early stage showed 
no diminution of the ‘‘Harlequin’^ eflTect. Harlequins always breed true 
in their peculiarity which behaves as a simple recessive. 

Blue Flowers. 

The genetical relations of blue flowers to the rest have hitherto 
been obscure. From the fact that plants, ostensibly blue, had been 
bred both from magentas and from reds, blue was regarded as recessive 
to those colours. It has now been established that of the flowers which 
we have accepted as blue, some, to which in future we shall restrict the 
term blue, possess a positive factor, B, which is absent from the others. 
These last we shall call Their colour, at least when in combination 

with the ordinary, light reddish stem, is recognizably distinct from that 
of the real blues, though on casual inspection the two may easily be 
confused. Microscopically examined they are seen to be perfectly dis- 
tinct. In the blues the anthocyanin of the epidermis of the petals is in 
solution (Fig, 3), whereas most of the cells of the epidermis of slaty 
flowers contain in a ^oKd /orm ^ (Fig. 4). Occasionally the 

appearance of these anthocyanin bodies suggests a crystalline structure, 
but more often they are amorphous. Not rarely two or more may occur 
together in the same cell Sometimes dissolved anthocyanin is associated 

^ In the vegetative partB of these plants no solid anthocyanin has been met with. 

Journ. of Gen. xiii 15 



230 


o/ Primula sinensis 

with the solid bodies, but many cells in which they are present seem to 
be otherwise colourless. 

It is the slaty plants which are recessive to both magenta and to red. 
Real blues cannot be bred from reds. Factorially the relations of the 
colours may be represented thus : 

Magenta BB. 

Red bR. 

Blue Br. 

Slaty 6r. 

All the available genetical evidence is consistent with this account. 
The interrelations of these colours to the Orange King'' of 

Gregory's paper, PL XXX, fig. 8) have not been completely determined, 
but a form nearly resembling coral exists which is recessive to slaty. 

In association with the dark red stem, both the blue and the slaty 
are modified and assume a very peculiar appearance. This is represented 
in Figs. 7 and 8. No uniform blue or slaty has been seen on the dark 
stem, and such flowers are presumably an impossibility in that com- 
bination. The petals of such plants, both blue and slaty, apart from 
a uniform zone round the eye, are mottled, and the general tint is 
distinctly redder than that of the corresponding flowers on the light 
■stems.'/ , 

We have now to regard the factors 5 and JS as both possessing the 
property of keeping the anthbcyanin in solution and making its colour 
Wtee or redi respectively. It should be mentioned that on fading, certain 
red flowers (e.g. that shown in Pig. 13) produce solid blue anthocyanin 
in the dying cellsL A peculiar type in which the petals are irrorated 
and mottled with red has occasionally appeared as a rare derivative 
from certain crosses. The general colour of these is that called straw- 
berry (Gregory, PL XXXI, fig. 49 and p. 113). In one such plant which 
remained in the collection when these examinations were made, solid 
red anthocyanin, in part crystalline, was seen. 

As a corollary to what has now been ascertained, it follows that when 
magenta has been spoken of as linked with other allelomorphs, it is 
really the factor B which should be so represented. 

1 Wliether all have this property is not certain. 

We have looked for solid anthocyanin in “blue” primroses of various tints, but found 
none. Mr B. J. Chittenden however called our attention to abundance of solid anthocyanin 
in the living epidermis of petals in a dark brown Polyanthus. 

Gertz, quoted by Wheldale, Anthocyanin Pigments of Plants y 1916, p. 33, has seen 
solid anthocyanin in stems of Primula sinmsis. Btudier ofver Anthocyan, Akad, Af hand- 
ling^ Lund, 1906, p. xlii. 



R. P. GEiaoRy, D, di Winton, and W- Bateson 231 
Linkage Groups. 

Two linkage groups have been identified. The first was recognized 
about 1907 as a special association of magenta flowers with the green 
stigma. As now explained the factor which actually takes part in this 
linkage is R, blue. Subsequently it was found that short style, S, is in- 
cluded in the same linkage. To these was afterwards added L, the 
factor for the light reddish stem and leaf-backs, as opposed to its absence, 
L Plants without L have these parts a deep, claret-red (see Figs. 1 and 2). 
Leaves of such plants, even seen from above, are intensely dark. 

The four factors involved in this linkage are : 

short style as opposed to 5, long style. 

B, blue as opposed to 6, no blue. 

(The factor i2, causing red flowers, is probably not included in 
this linkage group.) 

(j, green as opposed to red stigma. 

A, light reddish as opposed to deep red stems. 

At the time of Gregory's publication coupling and repulsion had been 
observed as affecting this group of factors and it has since been established 
that they are interrelated as an ordinary linkage group. The system 
however exhibits one remarkable peculiarity, the first indication of which 
was» detected by Gregory (1911, p. 128). As we now know, in two of the 
linkages involved, the closeness of linkage differs greatly in the male and 
female sides of the same plants. This w^as suspected from the numbers, 
and has been proved by extensive back-crossing. The linkages are as 
follows. The values, whether as coupling or as repulsion, are the same. 

Observed linkage Percentage of cross-overs 



Female 

Male 

Female 

Male 

SB 

12*2:1 

7 : 1 


12-5% 

SG 

2 :1 

1-5 :1 

33-3 

40 

SL 

1-7 : 1 

1-47:1 

37 

40-7 

BG 

2-2 ; 1 

1-9 :1 

31-25 

34-5 

BL 

1*8 : 1 

1-7:1 

35-6 

37 

GL 

29*6 : 1 

52-4 : 1 

3-2 

1-8 


It will be noticed that the linkage of S with R is closer on female 
side, whereas that between 6r and L is closer on the male side. We are 
not aware that similar sexual distinctions have been met with elsewhere. 
In animals the evidence is that orossing-over does not occur at all in 
the hetero-gametic sex, so no comparison can be instituted. In plants 
we are now familiar with wide diSereiices between the genetic composi- 
tion of the gametes on the two sides of heterozygous plants, but a 
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sexual difference in closeness of linkage has not, so far as we know, been 
observed. 

Bridges (Amer, Nat 1914, XLVIIL p. 532), taking Gregory’s, numbers 
for the linkages between the three factors here called 8,B, (?, tabulated 
them according to the chromosome theory. At that date reciprocal 
back-crosses had scarcely been undertaken and the problem to which 
they introduce us was not then apparent. 

On the theory that crossing-over takes place during a side-to-side 
conjugation between the parental chromosomes this new fact presents a 
grave difficulty, since the loci at which the same factor must, on the 
theory, be supposed to stand, will be different in the male and female 
chromosomes. These loci will therefore not be at the same levels in the 
conjugating chromosomes. The -hypothesis might perhaps be amended 
by the introduction of some conception of orderly looping in synapsis 
but this supposition would be difficult to verify and recourse to it would 
throw a considerable strain on the theory. 

Judged from their microscopical appearance, the pollen grains of 
these Primulas are normal, and defective grains are as exceptional as in 
any pure species. 

Second Linkage Group. 

Linkage has also been found between the following two pairs of 
factors, which are not linked any of the first group ; 

F, flat leaf as opposed to /, crimped leaf. 

Ckf sinensis 'Row^r as opposed to cA, stellata flower. 

The value of this second linkage is 8*6 : 1, °/o cross-overs. This 

value is the same on both the male and female sides. The numbers 
from self-fertilisation, though showing irregularities, are not inconsistent 
with this estimation, though a shortage of crimped plants is sometimes 
conspicuous. 

As regards the lower degrees of crimping, the evidence shows that 
^'Sutton’s crimped” is subject to the same linkage as the more fully 
crimped Lee’s form. • 

The observed numbers, upon which these statements as to the link- 
ages are based, will be found tabulated at the end of this paper. 

New Combinations. 

In the absence of the factor the gynoecium, and especially the stig- 
matic surface, is coloured,being usually red, and several flower colours only 
reach their full development in plants which are without (?. No fully red 
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petals (Fig. 12) for example, and no dark blue ones (Fig. 5) are ever formed 
on plants which possess G» The combination of these fully coloured 
flowers with the deep claret-coloured leaves, which are formed in the 
absence of i, had not previous to these experiments ever existed. From 
the horticultural point of view that combination offered great possibilities. 
To obtain it was one of the objects Gregory had in view, and from the 
theory of linkage it could readily be inferred on inspection of the 
from Ql X gL that the combination could be made. As the linkage is 
high, about 30 : 1 on the female side and about 50 : 1 on the male side, 
the required plant could only occur about once in 6500 plants. For 
some years no progress was made, but in 1915 a plant was noticed which 
had red stigmas combined with leaves somewhat redder than the ordinary 
‘'reddish’’ form. This was suspected of being heterozygous in Z, and on 
selfing it produced the plants required. Usually the heterozygotes can- 
not be distinguished. Plants of the new combination were handed over 
to Messrs Sutton, and after some purifi.cation in other respects, were 
exhibited by them at the Royal Horticultural Society’s Shows in 1921, 
and listed under the name “ Etna.” The new combination makes various 
others now attainable. Since this is perhaps the first practical result 
which has accrued from an application of the theory of linkage, the 
occurrence seems to be worth recording. 

JCJnfortunately the combination of fully blue flowers with Etna 
foliage appears to be a physiological Impossibility. Such flowers, 
with coloured stigmas, are characteristic of the well known variety 
Czar, which of course, containing Z, has leaves of the lighter colour. 

gives Magenta, with light foliage. jFg from this has 

given us the expected series Magenta, Red, Blue and Slaty on each of 
the two types of foliage, but as explained in the section on blue flowers, 
the genetically blue-flowered plants with Etna foliage have the blue 
colour much mottled and are scarcely recognizable as blues. The factor 
5 in this series showed the same linkage with Z as in other experiments 
but having been obtained after the section on linkage was prepared 
these families have not been brought to account. 

A Peculiar Mosaic. 

Colour-mosaic flowers occur sparingly. Amongst others we have for 
example seen magenta flowers with a radial stripe of red, or of blue, and 
pale magenta with a stripe of deep magenta. Eachiof these shows loss 
of a factor in the area affected, respectively JS, iJ, or the element for 
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lighter colour. Special importance attaches to a plant in two flowers of 
which a stripe has appeared showing the loss of two factors. The plant 
was magenta, green stigma, P. Q. eye, and the stripe in each case was 
the type due to the absence of B and Gr, being deep red of the kind seen 
only in combination with red stigma (see Figs. 1 6, 17, and 18). No flake 
of colour was visible in the stigma, but the gynoecium was not examined 
since it was hoped to raise seed from the flower. 

As B and G are linked, it is of interest to observe that in this 
remarkable mosaic these two factors have fallen out together. The plant 
may be and probably is heterozygous in these two respects. 

Numebical Ratios. 

Departures from numerical expectation are common in many sections 
of this work. They were noticed long ago among families raised by 
self-fertilisation, but since, by the work of a staff, back-crossing has been 
rendered feasible on a considerable scale, the results so attained have 
emphasised the impression previously formed. Adequate treatment of 
this subject is beyond the scope of this paper. It would involve much 
tabular printing and the application of statistical methods with which 
we are unfamiliar. 

A few specimens of the numbers we have met with are included, 
with a report on them most kindly supplied by Dr G, Udny Yule, F.p.S. ^ 

To have much value suctf an investigation should deal collectively 
with the numbers recorded for divers characteristics in a great variety 
of organisms. Experience of such numbers suggests that, apart from 
numerical aberrations due to differential mortality and comparable 
interferences, there are significant distinctions between various organisms 
in this respect, some following closely, others departing more often from 
the numerical equality which may be regarded as the normal consequence 
of simple Mendelian segregation. We are disposed to attribute some at 
least of these departures to definite sporadic events whereby, of the two 
kinds of gametes with contrary powers, one has become more numerous 
than the other. It can happen but rarely in practice that more than one 
breeding test can be applied to the same aberrant plant. We have only 
one instance which supplies such evidence. Three families were raised 
by self-fertilisation from’ apparently similar plants, heterozygous in 
stigma colour as follows : 

1922 Green stigma Bed stigma 

Number 39 gave 109 33 

• Number 42 „ 125 45 

Number 44 „ 100 8 
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39 and 42 may each be taken as obviously 3 : 1, but 44 gave about 12 : 1. 
It happens that the parents which produced these offspring by self- 
fertilisation were also back-crossed with the recessive, giving the following 
results: 



Green 

stigma 

Red 

stigma 

39‘721 parent of 39/22 as $ 

27 

29 

,, ,j ,, as ^ 

29 

29 

39^/21 parent of 42/22 as 
(not tried as $ ) 

9 

14 

40^/21 parent of 44/22 as $ 

62 

22 

,, ,, ,, as ^ 

39 

15 


These figures prove that the parent of 39/22 was normal on both 
sides in the equality of gametes bearing the two allelomorphs, that the 
parent of 42/22 may have been similarly normal, but that the parent 
plant from which 44/22 was derived was almost certainly abnormal on 
both sides. 

Taking 62 : 22 as probably indicating 3 : 1 on the ? side and 39 : 16 
as suggesting 2 : 1 on the </ side, we should expect a ratio of 11 : 1 on 
self-fertilisation, which is approximately the ratio produced {99 : 9 where 
100 : 8 was observed). 

Usually such aberrations are noticed too late for any check to be 
applied. In cases of abnormal ratios we have often tested the resulting 
plants, but have found no recurrence of the aberrant numbers. Gregory 
(1911, pp. 84~5) records however an instance of this kind where the 
short-style gametes were greatly in excess throughout a related group 
of plants^. 

As specimens of the general run of the numbers we give three 
examples. Dr Udny Yule has examined these series and prepared a 
report on each which we are permitted to incorporate. The first relates 
to plants heterozygous in three pairs of factors, sinensis — stellata ; green 
stigma — red stigma; white (‘^Alexandra”) eye — ^ordinary yellow eye. 
All were back-crossed with triple recessives. In 16 families the hetero- 
zygote was the mother, in 6 the father, ; 

The results are given in tabular form. Simple expectation of course 
is that the eight numbers in each column should be equal. The families 
110 and 131 are especially abnormal. Gregory devoted much study to 
such examples. In his opinion they strongly suggested that whether by 
successive segregation followed by proliferation in special groups of 

1 On p. 125, ibid, we find there was an error in copying from the record. In the last 
line the figure “ 17 ’’ should have been *‘10,” which weakens the argument advanced in 
the text. . ' 
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segregates, or by some other process, significant inequalities in the re- 
sulting numbers were produced not uncommonly. Whatever the source 
of the inequalities, we are disposed to regard them as representing a 
definite physiological phenomenon. In 110 for example the 
group (56) is more than double the stellata group (22), and we think 
it likely that either proliferation has occurred in the one or an inhibition 
of division in the other, such that the ovary was probably in a state 
analogous to that of a mosaic plant or branch. 

Nevertheless we see no indication of regularity among these aberrant 
numbers. Sometimes one group, sometimes another is in excess ; nor, on 
the analogy of mosaicism, would regularity be expected. Dr Yule reports 
as follows: 

“The chances for the several families of getting a series of deviations 
from expectation (uniformity) as bad as or worse than those observed 
(obtained by the method) are as follows: 

Female Iieterozygote Male lieterozygote 


64 

•20 

60 

•40 

55 

•35 

63 

•32 

58 

•60 

64 

•32 

59 

•072 

94 

•90 

107 

•085 

95 

•39 

110 

•0076 

97 

•57 

119 

•18 



121 

•090 



122 

*012 



127 

•68 



129 

•68 



131 

•24 



132 

•87 



133 

•048 



135 

•65 



178 

*96 




The first series of families, in which the female was the heterozygote, 
is clearly significantly divergent from expectation. A family as badly 
divergent as 110 would only be expected on random sampling once in 
some 1300 trials. If sampling were random the values of the above 
chance, usually denoted by P, should be uniformly distributed over the 
range 0 to 1. They are not at all uniformly distributed and 6 of the 
values are less than 0*1, whereas only 1 or 2 (one-tenth of 16 or 1*6) 
should be less than 0*1. The average value of P for this series is only 
0*358 instead of 0*5. 

The second series, in which themale was heterozygous, shows no 
evidence of anything abnormal: no value of P is very low, and the 
average is 0*48, or very near the theoretical 0*5. 
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For the totals of the first group of families P is 0'17, for the totals 
of the second group 0*69. This is confirmatory of the conclusion as to 
the greater abnormality of the first group. It looks as if the abnormalities 
were in the ovules rather than the pollen. 

Reverting to the first series of families, it will be seen that while 
family 131 catches the eye owing to the regular distribution of its 
divergences, the value of P is not very low (0*24). But if the distribution 
of the characters for each pair (A, sin: P, stigma: (7, eye) are taken out, 
these distributions, and the ratios for the single characters, are all very 
near the expected equality. The oddity only comes out when the three 
characters are taken together. 

When family 110 is taken in the same way it will be seen that the 
ratio of J. : a is altogether abnormal (56 : 22) ; you would not expect such 
a divergence on random sampling more often than once in some 8000 
trials or so, but the ratios for B and G are much nearer normality. 
Correspondingly, for the three pairs of characters in this family the 
values of P are 

AB *00061 
AG *0012 
BG *60 

A (the sin: stell pair) is apparently the source of abnormality. 

Similar investigation of family 122 suggests that B (stigma) is the 
source of abnormality. The ralrio P:6 is 93:62 and the values of P are 
low for the pairs J.P and PC (‘085 and *028) but quite high for ^0 (*63). 

Family 133 is small and one would hardly expect to get anything 
very clear out of it, but C (eye) looks like the source of trouble. The 
ratio (7 : (? is 27 :14 and the pairs AG, PC give the lowest values of P, 
the pair ^P being quite a good fit. It is a curious accident that, taking 
these three abnormal families, each suggests an abnormality arising from 
one of the three characters only, and a different character in each case. 
There are probably not more than 4 or 5 abnormal families out of the 
16 altogether, judging from the run of the P's — assuming of course that 
the families can be definitely sundered into normal and abnormal.’' 

We also submitted to Dr Yule the records (too extensive for publi- 
cation here) of 211 families in which plants heterozygous for short-style 
(thrum) — long-style (pin) had been back-crossed with recessives, and of 
331 families similarly tested for magenta — red. Many of the hetero- 
zygous parents are common to both series, and they represent tests of 
both ovules and pollen indiscriminately. He has furnished the following 
report : 
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''The totals cannot be regarded as diverging significantly from 
eqnality though the divergences ai’e a little uncomfortably large: the 
number of thrums ditfers from expectation (4090) by 1*79 times the 
standard error and the number of magentas differs from expectation 
(6739*5) by 1*65 times the standard error. But in view of the fact, 
which comes out very clearly on examining the figures for corresponding 
families in the two records, that 8 and B are highly linked if the one 
character shows a rather large divergence from expectation the other is 
almost bound to : the results are not independent. 

I have examined the data as regards the fluctuation of the propor- 
tion of dominants amongst the families. I sorted out the families with 


50 plants or more [52 for thrum — pin ; 99 for magenta — red], listed them 
separately, worked out the percentage of dominants in each, and booked 


up the frequency distributions, which 

are given in the table below. The 


Number of families showing 


Number of families showing 


said percentage of 


said percentage of 













Percentage 

8 

B 

Percentage 

B 

B 

37 

1 

— 

55 

3 

1 

38 

— 

1 

56 

6 

4 

39 

1 


57 

— 

6 

40 

— 

2 

58 

— 

3 

41 

1 

5 

59 

1 

5 

42 

1 

2 

60 

1 

2 

43 

1 

4 

61 



2 

44 

4 

6 

62 



1 

45 

— 

1 

63 


1 

46 

1 

3 

*64 

— 

— 

47 

6 

9 

65 



1 

48 

• 1 

4 

66 

1 



49 

2 

5 

67 

— 

— ' 

50 

7 

6 

68 

— 

1 

51 

4 

7 

69 

1 



52 

3 

10 

70 

— ■ 

• 

53 

4 

4 

71 



1 

54 

2 

2 








Totals 

52 

99 


standard deviations of these distributions compare as follows with the 
standard deviations of sampling : 

Observed S.I). S.D. of sampling 
Thrum ... 5*97 6*76 

Magenta ... 6*59 5*79 

In both distributions the observed standard deviation is greater than 
the S.D. of simple sampling, the excess being the more marked for the 
'Magenta’ series, i.e. the fluctuation is rather greater than is theo- 
retically expected. 

As regards the form of the frequency distributions, the only thing 
to be noted is that they are exceedingly irregular, as will be seen from 
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the table. The similarity of the peaks in the two distributions sug- 
gested some significance, but this is probably only due to the linkage 
and the fact that the 'Magenta’ distribution contains the majority of 
the families in the 'Thrum’ record. There is an odd symmetry about 
the peaks however. If the distribution is doubled over round 50 per cent, 
so as to add the frequencies for 51 and 49 per cent., 62 and 48 percent, 
and so on, the peaks stand out even more clearly than before. 

As regards specially exceptional families, I have not made a detailed 
examination, but 106/12 [64S, 306] and 103/12 [765, 1146] in the 
'Magenta’ series caught my eye. The chance of such a divergence from 
equality occurring is about *0005 for the first and *006 for the second. 
The small family 38/12, with 155 and 26 only, is also very divergent — 
the chance of such a divergence occurring on random sampling being 
only about ‘0023. 

There is nothing, unfortunately, clear-cut and definite — but, wider 
fluctuation than there ought to be, distributions irregular, and irregu- 
larities slightly suggestive of something definite, and some markedly 
exceptional families, and that seems about all one can say.” 

Pending a comprehensive examination of such numbers collected 
from various sources it is, as we have said, not possible to assert positively 
to what degree those that we have given are unusual, but we are inclined 
to think that the amplitude of divergence from normality differs con- 
siderably in the various subjects studied and perhaps also in regard to 
special factors. As,the comparison with mosaics may naturally be made, 
it should be added that mosaics in the somatic tissues\re by no means 
common in P* sinmsis. An occasional flake of a recessive colour in the 
flower is not very uncommon and sometimes sfeZZaia petals may appear 
on plants heterozygous for s{n,~stelly but even these mosaics in general 
are rare. A flower mosaic in colour is figured (Fig, 16) and discussed 
on p, 233. 

The Histoky ow Pmxmula smmsis. 

In view of the genetical interest of the species an accurate account 
of its origin is greatly to be desired. Unfortunately little is positively 
known as to the circumstances in which it was first seen in China, and 
we have no acceptable surmise as to its wild progenitor or progenitors. 
The first evidence of the existence of such a plant reached Europe in 
the form of a drawing received from China by the Royal Horticultural 
Society in 1819. At their request seeds and a plant were dispatched 
by Mr [John] Reeves who procured them in Canton, but the plant died 
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and the seeds failed to germinate. Shortly after, a plant was brought 
over successfully by Capt. Richard Rawes from gardens” at Canton. 

In 1821 two coloured plates were published by Ker-Gawler (Bot 
Reg. PL 539) ’’and by Lindley {Gollectanea Botanica). Whether both 
represent the original plant is not cleai\ More probably they were made 
from its immediate offspring. Both show the flowers as magenta of the 
shade associated with a green stigma, and both in flower-shape approach 
sinensis, though to an observer accustomed to these plants, they are 
almost certainly of the type called by Messrs Sutton pyramidalisy* 
viz. heterozygous in respect of the stellata shape. Being smensis, they 
have ten calyx-teeth, and Lindley had some doubt whether, in view of 
this peculiarity, the plant was rightly referred to the genus Poimula. 
In accordance with the ideas of the period the suggestion was made in 
Bot Reg, that this might be the effect of luxuriance ”1 

W. J. Hooker {Exotic Flora, 1825, VoL ii. PI. 105) gives a very 
good coloured figure, this time of the stellata type with five calyx-teeth, 
and a less satisfactory drawing of a similar plant was published in 
Bot, Mag, 1824, tab. 2564. Mention is made of the sinensis type with 
ten calyx-teeth as coexisting with the stellata form. Of the plants 
figured in these four plates some were certainly and all may have been 
short-styled. In all the leaves are palmL 

Another early reference is made by Lindley {Trans, Sort. 8oc, Vi. 
1826, p. 80) who, after speaking of Rawest first importation, states that 
plants raised from seeds afterwards brought from China by Mr Potts, 
one of their collectors^, were distributed by the Society. 

This second importation is not usually quoted in histories of the 
plant. Since, however, Lindley in 1826 explicity states that the plant 
was known to him in two varieties [sinensis and stellata] we may be 
fairly sure that nothing ostensibly fresh was raised directly fi?om Mr 
Potts's seeds. 

The original plant therefore had nearly all the dominant factors yet 
identified. Two only have been gained since : the dominant white which 
inhibits the formation of anthocyanin in the petals, and the white or 
“Alexandra” eye which inhibits the yellow of the normal eye. The 
white eye was introduced by MM. yilmorin about 1902, but no details 
are known as to the origin of either of these two dominants. 

As regards variation by loss, it is clear that the stellata form appeared 

^ The leaves in Lindley’s plate, said to have been drawn by W. J. Hooker, are 
curiously different from any we know. Probably this is due to imperfect drawing. 

2 The Librarian of the E. HorL Soe, kindly showed us a MS. diary of Mr Potts’s 
Chinese experiences, but we found in it no mention of Pnmwto. 
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at opce, the original being heterozygous for it. The same is probably 
true of the long-style. Good notes of the cultural history are given by 
A. W. Sutton^ with dates at which novelties were noticed or developed. 
Many were the result of deliberate cross-breeding, especially those 
brought out by Messrs Sutton, one being especially noteworthy— the 
Duchess type — as evidently due to a breaking up of the dominant 
white. It has petals white pez-ipherally with a red band round the eye. 
This is figured by Gregory (1911, PI. XXXI, figs. 27-8). As he stated, 
the periphery of the corolla alone is white, the complementary part of 
the dominant-white complex which controls the gynoecium and the 
centres of the petals being absent. “Duchess’* cannot therefore exist 
with a green stigma, for that would enable the white to invade the 
centre of the flower. 

Usually little can be established as to the variations by which the 
original factorial composition has been changed. The fern-leaf appeared 
early in the cultivated history, and the crimped or crispated leaf several 
times. Perhaps the clearest evidence relates to the colour known as 
“orange” or “coral,” which is knowm to have come by loss of a single 
factor, without crossing, from the crimson called “ Crimson King,” a type 
which had been bred, on a very large scale, true for many years. Blues, 
derived from magenta by loss of the factor B, and the large “ Primrose 
Queen ” eye, are among the latest recessives to appear. 

The question arises, what were the plants first seen by Mr. Reeves 
in China, and whence did they come ? The statement made in Bot Beg. 
is that Capt. Rawes brought the plant “ from gardens at Canton, where 
it probably found its way from some far more northern quarter of the 
country,” This implies that P. sinenm was then already in cultivation 
by the Chinese, but repeated inquiries from competent botanists ac- 
quainted with China have failed to elicit anything as to such plants 
being at present in cultivation there. Mr. W. Tutcher of the Botanical 
and Forestry Dept., Hong Kong, kindly wrote (1910) that old gardeners 
there remembered growing it thirty years before, but can add nothing 
more. We have also letters, which Dr A, Henry and Mr George Forrest 
were good enough to send us, containing negative information^. Dr Henry 
directed us to a figure in a modern Chinese Botany, Ghih Wu Ming, 
Vol. XXIX. p. 18, which might possibly, represent the stellata form. We 
are obliged to Mr Waley and Mr Giles of the British Museum for a trans- 
lation of the text, which is unfortunately inconclusive. The plant in 

1 B. Bon. Soc. 1891, Yol. xiii. p. 99. 

2 A letter to the same effect has lately been received from Mr F. Kingdon Ward, well 
known for his collections of Chinese plants. 
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question was from Yunnan. Its leaves and bracts are described in 
terms suggestive of sinensis rather than of any other species that we 
know, but till some collector finds this plant, its nature must remain 
ambiguous. 

As the originals were in “gardens^' they may have had a history of 
hybridization behind them. The production of such a series of novelties 
coming into existence within so few generations is scarcely to be 
paralleled by any pure-bred species of plant. On the other hand there 
is no indication of infertility at any time (except in connexion with 
tetraploidy), and though varieties came, they seem to have appeared 
sporadically over a period of yeai’s. Disintegration consequent on hy- 
bridization is a very different process. 

The nearest parallel is perhaps to be seen in the Sweet Pea {Lathyrus 
odoi'atus), though in it the structural variation has been very much less. 
Primula ohconica'^ also has given rise to several types differing chiefly in 
colour and size, but nothing approaching the multitude of forms known 
in P. sinensis has appeared, and P. malacoides^, though it also has 
produced varieties, is by comparison a fixed species. 

The history of the three species of Primula agrees moreover in the 
fact that though many crosses have been tried with all of them not one 
is known to have been successful. The various records of alleged positive 
results are almost certainly erroneous, and there is scarcely a doubt that 
these plants are all genuine examples o^ spontaneous variation, almost 
always by loss of factors, occurring without crossing, under domestica- 
tion. To those familiar with modern genetics it is scarcely necessary to 
point out that spontaneous variation is not the common occurrence we 
formerly thought it to be, and in the history of cultivated plants the 
Sweet Pea and P. sinensis stand out as probably the two best authenti- 
cated examples of this phenomenon manifested on a large scale, 

We used to regard the Sweet Pea as a plant above suspicion of 
having undergone crossing. Trials with numerous species of Lathyrus 
are known to have resulted in failure. Successes have been reported 
from time to time but the accounts have been insufficient, and in view 
of the species used ^ and the ease with which errors may occur, uncon- 
vincing. In 1916 , however, Barker® gave a full account of .a cross 

1 Evidence collected by A, W. Hill, as to P. obconica. Jour, Gen, 1913, VoL ii. p. 1, 

2 Plates ; and as to P. 1918, VoL vii. p. 193, 2 Plates. 

2 For example, a cross with B. (rard. O^ron. 191B, i. p. 173; with ^‘L. luteus 

aureus, ibid, 

2 Gard. € hr on, 191B, 156. Mr S. C. Harland recently informed us that he has 

independently made this cross and has seeds. 



24:4 Genetics 0 / Piimula sinensis 

between Sweet Pea Kitty Olive fertilised by L. hirsittus, which pro- 
duced fertile .Fi plants, giving segregation at least in colour and size in 
Fg. Any chance that the Sweet Pea could have been crossed duiing its 
early history with hirsutus or any other species is however so remote 
that we need scarcely hesitate to accept its variations as the spontaneous 
developments of a pure species. 

As regards the Sweet Pea, P, obconica and P. malacoideSy there is no 
difficulty in tracing them to the single wild original species. Till some 
wild species is found from which P. sinemis can have been derived, we 
cannot be perfectly certain that no crossing has occurred, but the pre- 
sumption is against that supposition. 

Of the vast number of wild species which have been brought from 
China none really resembles sinensis to the eye of any one intimate with 
that plant. Mention must be made of a curious mistake which was 
made in this respect. A species was found by Mr Walters and later by 
Dr Henry and the Abb6 Delavay at ichang on the Yang-tze river, which 
was taken first by Dr Masters and afterwards by other distinguished 
botanists for the original P. sinensis. Under that name it was figured 
in Bot, (1897, tab. 7559) where many particulars are given. Ko 
one seems to have doubted about it. There are nevertheless definite 
differences. The shape of the leaf is quite distinct from all the leaf- 
shapes known in both in lobing and the crenelations of the 

margin. The leaves are hard* to the touch. Their surface has a fine 
very short and even pubescence, not the pilose ciliation of sinensis. 
The bracts and calyx are also different, and the scent of the foliage is 
quite distinct^ Besi(ies these features which can be expressed in 
words, there is a difference in subs toce and general appearance which 
to those accustomed to handle is very clear, and though c& pmrz 

no one could deny that the Yang-tze species might conceivably have 
been one of the parents of aiweMs, there is no question of identity. It 
is not even surprising to us that all attempts to cross that species with 
sinensis have failed. The capsules swell but no seed is formed. With 
its own pollen it has so far bred true to type. Oytological examination 
has not yet been made. 

1 Th^ Bot. Mag. shows the petals covered with hairs. These however are not 
present in the plant. They appear, though less conspicuously, in the original drawing which 
Mr A, W. Hill has shown us and must have been put in by mistake. In the plant (as in 
Mnensis) there are glandular hairs on and close to the yellow eye, but the limb of the petals 
is glabrous. 

Since this was written the name Primula caleiphila has been proposed for the species 
in ctuestion (see Gard. Chron. 1923, p. 101, Fig, 49). 
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Subsequently a species was collected by Farrer^ which has a some- 
what closer resemblance, such indeed that we anticipated that crosses 
with it might succeed. We have not had this plant, but crosses tried at 
Kew have failed. 

Finally we must recognize the problem created by the ^^^^-toothed 
calyx associated with the sinensis shape of the flower as originally 
introduced. Ker-Gawler compared the flower to that of P. cortusoicles, 
but it seems that no wild species is yet known to have the ten calyx 
teeth. This depends on the presence of a defimite dominant factor. The 
heterozygote, though often recognizable as such, is so like pure sinensis 
that batches of the pure and heterozygous forms cannot be sorted with 
confidence. The stellata by contrast is— when combined with a flat 
leaf — clearly distinguishable. We must therefore admit the likelihood 
that this dominant sinensis has been added since domestication 

though before the plant left China. 

NUMBERS OBSERVED IN THE LINKAGE SERIES. 

First Linkage Group, 

Factors involved : 

short style in the absence of which the style is long {s), 

P, blue flowers in the absence of which the flower is slaty (6) 

[unless R the factor for red is present], 
(r, green stigma and gynoecium in tjhe absence of whicli these parts 
have aiithocyanin {g), 

L, stems and leaf-backs light red in the absence of which these 
parts are deep red (i). 

On the chromosome theory the order of the genes would be as 
above, P, P, G, L. 

Lata for linkage SB 
sb 

. SB Sb sB Hh 

120 17 10 109 

1250 102 82 1287 froni matings involving also G 

152 16 24 159 „ „ „ L 

146 13 12 148 „ „ ,, GandB 

^"Totals 1668 148 128 1703 

Linkage on female side or of cross-overs. 

* Tlie data include those previously published by Gregory, It should be understood 
that numbers taken from matings involving factors other than those dealt with in any 
particular group reappear also in the groups relating to those other factors. 

Eurther data on the linkages hetween S!', B and G were obtained by Altenburg (Ge- 
netics, Yoh I. p. 354 and Ame7\ Nat. 1921, lv. p. 78) on material supplied by Gregory. These 
figures are not here included. 

1 It has received the name P. rwpestrfg, Balf. f. et Farrer. T, Bayley Balfour, Trans. 
BoL /Soc. Edm. 1918, VoL xxvii. p. 240. 
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SB 

Sh 

sB 

sb 



147 

20 

20 

157 



770 

102 

106 

643 

from matings involving also (i 

586 

72 

88 

680 


, ,, ,, (?and 

Totals 1503 

194 

209 

1380 




Linkage on male side 7:1, or 

12*5 % 

of cross~overs» 

^selfed 

sb 






SB 

Sb 

sJ5 

sb 



156 

18 

11 

57 



72 

2 

4 

15 

also involving G 


198 

12 

8 

61 

»> j> ^ 


1897 

91 

122 

620 

,, ,, 6r and JL 

Totals 

2323 

123 

145 

753 


Expectation 2846 

U9'7 

159‘? 

675*5 

Calculated on \ 12-2 : 

.0 >) * • 

1. 

1. 




^ 8(? 

SG? 

70 

896 

99 

Data for linkage SG. 

Ss sQ sg 

35 45 56 

430 440 914 also involving B 

60 66 98 „ „ BandL 

Totals 1065 

525 

551 

1068 

Linkage an femaU side ^ilf or of cross-overs. 

SG 

y sax — 




>S'(? 

Sg 

s& 

sg 

31 

28 

21 

33 

535 

331 

315 

428 also involving B 

391 

267 

266 

397 „ „ BandL 

Totals 957 

626 

602 

858 

Linkage on male side 1*5 : 1, 

or 40 ®/o of cross-overs. 

^selfsd 

sg 

SG 

Sg 

sG 

sg 

49 

m 

10 

7 

60 

14 

11 

8 also involving B 

287 

70 

83 

55 5 , ,, B and B 

Totals 396 

99 

104 

70 

Expectation 401' 4 

lOO'S 

lOO'S 

66'9 


Oalcv-laUd on! f .I 'l;- 

[ d j> 1 o : 1. 
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^ selfed 

sG 

SG Sfj sG so 

1367 537 532 114 also involving B and L 

Expectation 1360 653‘5 653 '5 86 

Bepulsmi calculated as above. 


Data for linkage SL, 


SL 

212 

90 

SI 

125 

58 

sL 

130 

54 

si 

234 

88 also involving B and G 

Totals 302 

183 

184 

322 

Linhage on female side 1*7 : 1, 

or 37 "/o of cross-overs. 

0 7®-^ 

SL 

SI 

sL 

si 

72 

56 

57 

102 

387 

265 

273 

387 also involving B and G 

Totals 459 

321 

330 

489 

Linhage on male side 1*47 ; 1. 

, or 40 '7 % of erois-overa. 

~ selfed 
si 

SL 

SI 

sL 

sl 

99 

35 

32 

12 also involving B 

1578 

375 

549 

230 „ „ .Sand G 

Totals 1677 

410 

581 

242 

Expectation* 1737*7 

454*8 

454*8 

373*7 


Calculated on | | I'Y : 1. 


IP j 

— selfed 
sL 

SL SI sL si 

273 84 126 12 also involving B and <? 

Expectation'*' 366 106‘3 106'2 18*6 

Repulsion calculated as above, 

* The departures from expectation on selfing are here and elsewhere perhaps note- 
worthy in view of the comparative regularity of the results of bacli-crossing. 


Data for linkage BG, 


^BG i 

BG 

Bo 

hG 

hg 

1186 

509 

511 

1051 

926 

381 

410 

963 involving also S 

202 

93 

112 

176 „ „ L 

140 

69 

66 

142 „ ,, 6^andZ 

Totals 2454 

1052 

1099 

2332 

Linhage on female side 3 2 : 1, 

or 31 * 25 % (f cross-overs. 



Oenetics <)/ Primula sinensis 


2 hg X — 

BG 

B0 

bG 

H 


247 

120 

141 

250 


584 

267 

284 

474 

involving also S 

96 

50 

59 

90 

„ „ L 

423 

241 

231 

417 

„ „ S: 

Totals 1350 

678 

715 

1231 



Linkage on male side 1-9 : 1, or 34*5 °/o <^/ cross-overs. 


- selfed 



BG 

Bg 

hG 

bg 



1691 

491 

421 

324 



62 

14 

9 

8 involving also S 


413 

92 

110 

80 

„ L 


304 

67 

66 

68 

,, S and L 

Totals 

2470 

664 

606 

470 


Expectation 

2578'9 

578-4, 

678-4 

474-1 


Calculated on 

$ linkage 2*2 ; 1. 

t ^ „ 1-9 : 1. 




selfed 






BG 

Bg 

hO 

bg 



1332 

488 

553 

100 involving 8 and L 

Expectation 

1303‘1 

651-6 

651-6 

66-6 




Repulsion calculated as above. 

r.- 




Data fo'i 

r linkage BL. 


^BL 










BL 

Bi 

hi 

hi 


238 

124 

149 

275 


105 

71 

64 

123 

involving also 5 

197 

98 

119 

169 

Gi 

97 

50 

47 

. . 96 

,, ,, S and G 

. Totals 637 

343 

379 

663 


Linkage on female side 1*8 

: 1, or 

cross-ovey-s. 


BL 

Bl 

bl 

bl 

50 

31 

28 

52.^ 

92 

63 

53 

87 involving also G 

423 

241 

237 

411 ,, „ S and G 

Totals 505 

335 

318 

■ B5Q 

Linkage on male side 1-1 

or ^I^Iq of cross-overs. 
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~ selfed 

ol 



BL 

Bl 

bL 

hi 



94 

35 

37 

12 involving also S 


42 

10 

10 

6 

y> G 


1462 

403 

452 

243 „ 

„ jS and G 

Totals 

1508 

448 

499 

261 


Expectation 

1686^9 

m-s 

417-5 

283-9 


.Calculated on 

$ linkage 1*8 : 1. 
„ 1*7:1. 




m 






— selfed 





bh 

BL 

Bl 

hL 

U 



286 

85 

113 

11 involving also S and G 

Expectation 

268-7 

107-3 

107-3 

16-4 




Repulsion calculated as above. 




Data for linkage GL. 

n 7 




GL 

Gl 

(jL 

yl 

276 

6 

12 

269 

305 

11 

9 

253 involving also B 

139 

4 

5 

142 ,, „ and jB 

Totals 720 

21 

26 

669 

Linkage on female side 29*6 : 

1, or of cross-overs. 



GL 

Gl 

gL 

gl 


254 

8 

4 

208 


142 

4 

3 

146 

involving also B 

647 

7 

13 

645 

„ ,, 8 and B 

Totals 1043 

19 

20 

999 



Linkage on male side 62*4 : 1, or l*8°/o of cross-overs. 


Gl , . , 
selfed 



GL 

Gl 

gL 

. gl ■ ' 


986 

499 

418 

■ ■ 


1809 

828 

851 

— involving also B, or 8 and B 

Totals 

2795 

1327 

1269 


Expectation 

2696-2 

1S48-2 

1348-2 

0-8 


Repulsion calculdled on linkage 29 6 . 1. 


The tabulations given above include all the numbers bearing on the 
linkage actually observed. In the following tables the same families, in 
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so far iiliey are applicable, are arranged for the calculations of linkages 
between, iiliie same factors 8, 5, (?, L, separately for the combinations of 
any tliree of them taken together, and collectively for all four. All tha^ 
expecUtLons are calculated on the linkages determined above, by the 
applicatiom of Trow 's method. - 

5 — j — X sag 


SBG 

sbg 

SBg 

shG 

Shg sBG 

ShG 

sBg 

960 

977 

402 

427 

85 65 

27 

27 

948*3 


428*8 


77*3 

35*15 


„ , SBG 

SBG 

sbg 

SBg 

ShG 

Sbg sBG 

SbG 

sBg 

870 

771 

475 

444 

119 137 

54 

51 

Bocjec^iition 837*2 


440*6 

119*6 

62*9 


e^selfed 

^og 

SBG 

sbg 

SBg 

ShG 

Shg sBG 

SbG 

sBg 

340 

49 

78 

68 

6 21 

8 

3 

E.'cspfistation 329*2 

52*1 

72*6 

63*6 

12*3 21*4 

15 

6 

■^^selfed 

SBG 

sbg 

SBg 

ShG 

Sbg sBG 

SbG 

liBg 

1249 

85 

460 

483 

15 83 

70 

28 

E iation 1210*1 

53*8 

529*9 

445*5 

12*4 91*2 

105*4 

26*9^ 

r. ^BL , , 

SBL 

shl 

• 

SBl 

shL 

Shl sBL 

SbL 

sBl 

177 

189 

no 

100 

20 25 

9 

11 

17 Mpe (Station 190*4 

105*7 

15*6 

8*7 


O. r w SBL 
^ shl 

SBL 

shl 

SBl 

shL 

SU sBL 

SbL 

sBl 

B66 

361 

215 

216 

50 57 

21 

26 

Ha^ectation 361 *4 

212*6 

51*6 

30*4 


?|^selfed 

SBL 

sU 

SBl 

shL 

Sbl sBL 

SbL 

sBl 

1465 

211 

370 

388 

26 90 

67 

23 

E s;$e»ctation 1489*2 

216*1 

364*2 

317*8 

51-1 97-5 

75*2 

28*8 

n > t 

BGL 

hgl 

BGl 

bgL 

m WL 

BgL 

hGl 

289 

264 

12 

11 

136 155 

5 

1 


290*4 


9*8 


4*5 


station 


131*7 
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9 hgl X • 


hgl 



BGL hgl 

BGl 

bgL 

m bcfL 

Bgl 

bGl 


511 495 

8 

12 

296 278 

4 

3 

Expectation 

616’5 

9-8 

m-9 

.5*^' 

SBGL 
° sbgl 

X shgl 

SBGL sbgl 

SBGl 

sbgL 

Sbgl sBGL 

SBgl 

sbGL 


86 85 

3 

3 

11 9 

44 

42 

Expectation 

89 


3 

7*5 

404 


SBfjL sbGl 

SbgL 

sBGl 

SbGL sBgl 

SbGl 

sBgL 


2 — 

— 

1 

2 2 

— — 

Expectation 

E4 



3'3 

o-i 

■ , , SBGL 

sbgl 

SBGL sbgl 

■ SBGl 

sbgL 

Sbgl sBGL 

SBgl 

sbei 


362 359 

4 

9 

49 57 

211 

207 

Expectation 

868 '6 


7 

6B'7 

194 


SBgL sbGl 

SbgL 

sBGi 

SbGl sBgL 

SbGl 

sBgL 


4 2 

— 


21 26 

1 — 

Expectation 

S-7 


1 

J?7*7 

0*5 


In view of the various combinations involved in the parental con- 
stitutions, the results of self-fertilisations in the case of the four factors 
taken together could only be adequately set out at great length, which 
in proportion to the information they* would add appears superfluous. 

Second Linkage Group. 

Factors involved : 

F, flat leaf in the absence of which the margin is crimped (/). 


Gh, sinensis-shB.ped 
corolla and calyx 
many-toothed, 
usually 10 
FCh 


^ { 
in the absence of 
which 


the corolla is stellata 
(star) and calyx 
5-toothed 


^ x fch and reciprocal 


FCh 

Feh 

fCh 

feh 

762 

86 

72 

606 

Linkage 8*6 

: 1, or 

10*4 % 0/ cross-overs. 

E Ch , 

selfed 

fell 

FCh 

Feh 

fCh 

feh 

1404 

90 

83 

383 

Expectation 1874 

96*8 

m-s 

593*5 


Calculated on linkage 8*6. 
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golfed 

fCh 

FCh 

Fch 

fCh 

, fch 


514 

268 

187 

6 

Expectation 

489 

24R7 

24V7 

2 '6 


Repulsion calculated as above. 


DESCRIPTION OF PLATES. 

The drawings reproduced in these Plates were made by Mr C, H. Osterstock. 

PLATE X. 

Pig. 1. The deep red stems and leaf -hacks formed in the absence of factor L. 

Fig. 2. The light red corresponding parts showing inhibition of colour due to the 
presence of L. 

PLATE XI. 

Fig. 3. Semi-diagrammatic representation of epidermis of petal of a blue flower (JB). 

Fig. 4. Ditto of slaty flower {h). 

Fig. 5. “ Czar.” A blue with coloured stigma, on light red stem {BgL). 

Fig. 6. Slaty, coloured stigma, on light red stem (5GI/). 

Fig. 7. Blue, like Czar, but on dark stem 
Fig. 8. Slaty, otherwise like Fig, 7 (%Z). 

Fig. 9. Lee’s crimp; single; genetically red. Calyx below. 

Fig. 10. Lee’s crimp ; stncwsis ; single ; magenta. Calyx below. 

Fig. 11. Lee’s crimp; stellata; single; P. Q. eye. Colour not determinable without 
breeding tests. 

.PLATE XII. 

Fig. 12. “Etna.” Bed, red stigma, dark leaf 

Fig. 13. A red, corresponding to Etna, with dark leaf, but having the stigma and 
gynoecium green (E(7Z). 

Fig. 14, “ Harlequin.” Pinensis shape. 

Fig. 15. ,, PieZZata shape. 

Fig. 16. Mosaic flower : most of the petals PEG, the stripe being bRg, Eye P. Q. 

Fig. 17. Corresponding uniform flower PEG. Eye P. Q. 

Fig. 18, A flower uniformly of the same type as the stripe in Fig. 16, viz. bRg, Eye P. Q. 
Fig. 19. Leaf of P. Q. eye, crimped, ageing; showing great development of 

marginal points. The purple colour is exclusively on the lower surface. 

PLATE Xm. 

Fig. 20, Flat Palm. 

Fig. 21. ,, Fern. 

Fig. 22. „ Oak. 

Fig. 23. „ Fern Oak. 

PLATE XlV. 

Fig. 24. Palm leaf, flat. Outline of margin divided to avoid imbrication. 

Pig. 25. Oak leaf, flat. Outline of margin* 

Fig. 26. Palm crimp, stellata. Outline of portion of margin magnifled. 

Fig, 27. „ sinetisis, „ „ „ 
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PLATE XV. 

Fig. 28. Lee’s crimp, stellata. Leaf, calyx, and flower. 

Fig. 29. ,, sinensis. ,, „ 

Fig. 30. Sutton’s crimp, sinensis. The low degree of crimping. 

Fig. 31. „ ,, ,, In combination with P. Q. eye, showing increase in 

crimping and malformation of flower as usual in this combination. 

PLATE XVI. 

Fig. 32. Palm crimp x Oak flat, with Fi and the four combinations in F 2 . 

Fig. 33. Flowers from oak leaved plant, sinensis, showing peculiar shapes common in 
this combination. 

Fig. 34. Corresponding stellata flowers; petals narrow but not malformed. 

PLATE XVII. 

Fig. 35. Various Eyes. 

A. White or “ Queen Alexandra.” 

B. Normal on flat leaf. 

G. “Primrose Queen ” (P, Q.) eye on flat leaf. 

D. Normal on Lee’s crimp leaf : fringe here abnormally weak. 

E. P.Q. on crimp leaf. 

Fig. 36. Plant of crimp type combined with sinensis flowers as seen in July, with prolifera- 
tion of crimping. 
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A. White Alex, 


B. Normal on flat leaf. C. Pr. Queen on flat leaf. 


1). Normal on crimp leaf. E. Pr. Queen on crimp leaf, 
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THE PROGENY, IN GENERATIONS P 12 TO OF 
A CROSS BETWEEN A YELLOW-WRINKLED AND A 
GREEN-ROUND SEEDED PEA; A REPORT ON DATA 
AFFORDED BY EXPERIMENTS INITIATED BY THE 
LATE A, D. DARBISHIRE, M.A., IN 1905, AND 
CONDUCTED BY HIM UNTIL HIS DEATH IN 1915. 

By G. UDNY yule, M.A., F.R.S. 

Fellow of St John's College, Cambridge. 

The investigation of whicli the results are discussed in the following 
pages forms virtually a continuation of the w-ork begun by the late 
Mr A. D. Darbishire in 1905, the first - results of which were described 
by him in a paper entitled “An experimental estimation of the theory 
of ancestral contributions in heredity After his death in December 
1915, Miss Darbishire was anxious to maintain the experiments, at least 
until the data already accumulated could be in some degree reduced and 
their indications estimated, so that the value of the work already done 
might not be lost. With the assistance of grants from the Royal Society, 
for which Miss Darbishire here desires to return her most grateful thanks, 
this was rendered possible. Thanks are also due to the late Mr F. J. 
Bridgeman, then demonstrator at University College, London, who helped 
in the sowing and harvesting of 1916, but especially to Mr Frank Sherlock, 
Senior Assistant in the Dept, of Zoology and Comparative Anatomy, 
University Museum, Oxford. Mr Sherlock not only acted as assistant to 
‘Mr Darbishire during the latter years of the experiments in the sowing, 
harvesting, and recording of the crops, but since Mr Darbishire's death 
has been almost solely responsible for the work. It is dij0S.cult to speak 
too highly of the time and trouble he has very generously given fof many 
years. Since, at the request of Miss Darbishire, I undertook the reduction 
of the data, I can add my tribute to the care and accuracy with which 
all the records appear to have been made, care and accuracy which have 
greatly facilitated my own work. 

1 Proc. Roy, Soc. B. Vol, Lxxxi. 1908, p. 61 
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I. The Nature OF THE Experiments. 

In tlie spring of 1905 Mr DarbisMre obtained from Mr C. C. Hurst^ 
some seeds, tbe cotyledons of wbich belonged to tbe generation of 
a cross wMch be bad made between tbe two peas British Queen and 
Eclipse. All tbe seeds bad been borne on a single plant, tbe pedigree 


of which be gives 

B. Queen 

YW 

1 

as follows : 



d 

Eclipse 
GR 
1 



No. k YR 

...... 1 ' - - 



No. ^1, YR 

! 

YW 

GiR 

gV 

F, 

YR 

y'w 

GR 

q'w 

Pa 


Tbe yellow-round seeds of tbe sample (i.e. tbe YR-cotyledoned plants 
of tbe Jg generation) were sown in tbe spring of 1905, and tbe F^ harvested 
in tbe autumn of that year. Of this ^"4 generation only tbe YR were, as 
before, sown in tbe spring of 1906, and F^ was harvested in the autumn 
of that year. 

It appears from this description that at first, while only YR seeds 
were sown^, these were taken roiscellaneously from the entire harvest. 
Later only YR seeds were sown from plants bearing all four types of 
seed (dibybrid plants): ten seeds were sown from each of some 30 or 
more dibybrid plants; these t^n were sown together and the plot given 
a number, e.g. G. 1 , identifying the parent plant, each plant in the plot 
bearing also a subsidiary number, G. 1. 1, G. 1 . 2 , ... G. 1 . 10 . Ten seeds 
were again saved from one dibybrid plant of each plot, and so on. 

The generations available for tbe present discussion are tbe following : 
tbe generation stated being that of tbe seeds harvested, e.g. tbe seeds on 
tbe plants G, harvested in 1913, were "tlie plants themselves being 
Jxi. Tbe experiments were closed after 1918 owing to serious failure of 
tbe foEo wing crops : 


Year 

Letter 

F 

1913 

0 

12 

1914 

B 

13 

1915 

J 

14 

1916 

K 

15 

1917 

L 

16 

1918 

M 

17 


In tbe opening sentence of tbe paper cited, Mr Darbisbire states that 
‘Hbe experiments described in tbe following pages were undertaken with 
tbe object of finding out if tbe proportions in which characters segregate 
^ Rroc. Uoy, Soc, B. Vol. Lxxxi, 1908, p. 61. 

^ I have not been able to follow the earlier sowing records. 



G. Ubny Yule 


267 


in the -F 2 generation are affected by the distribution of those characters 
over the parentage and the ancestry of the forms crossed/’ and the 
experiments, I take it, were eontinued in the same spirit of pure scientific 
scepticism to see whether, if the work were continued on the same lines, 
the fact that the ancestry were YR” without a break would have any 
influence on the Mendelian proportions or whether these would remain 
stable. consider the Mendelian principles to be still sub judiee,^^ he 
wrote^ in the spring of 1915, ‘^and they are so attractive by reason of 
their simplicity that they need to be under a very stern judge.” 

The data were never reduced during the course of the experiments. 

I have some recollection of a conversation with Mr Darbishire in which 
he took the view that such a course would be undesirable, as temporary 
results might tend to bias his judgment and he wished to be able to 
discuss the data, which he hoped to maintain as far as jFgo? ^ whole. 
The disadvantages of the course adopted — which possibly he might have 
seen reason to alter had he again been able to give the experiments his 
personal attention^ — are now obvious, as it has rendered it impossible 
to test, by further selfing or by crossing, the real genetic constitution of 
plants bearing apparently abnormal proportions of seeds. The data must 
be taken as they stand. 

I have given the report in the following order, representing broadly 
the order in which the work was done: 

II. The proportions of different types of plant (dihybrids, mono- 
hybrids for shape, monohybrids for colour, and pure dominants) grown 
from the YR seeds. (Pp. 262-271.) 

III. The proportions of seeds on each type of plant in each crop as 
a whole. (Pp. 271-278.) 

IV. The proportions of seeds on individual plants of each type. 
(Pp. 278-293.) 

V. Markedly aberrant plants, their families and descendants: classi- 
fication of seeds and of plants by lines of descent. (Pp. 293-323.) 

VI. Proportions of seeds of each type, and of the possible combina- 
tions, in the pods of dihybrid plants. (Pp. 323-331.) 

That the discussion must have suffered, and suffered greatly, from 
the impossibility of talking matters over with the originator of the 
experiments and from ignorance of the precise questions in his mind is 
only too obvious. I cannot say how much, again and again, the futile 
desire for the renewal of our interrupted conversations has arisen in the 
course of the work. The labour given to it I dedicate gladly to his 

1 I cite from Miss Darbishire’ s preface to An Introduction to a Biology, by A, D. Darbi- 
shire. Cassell, 19X7, 
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memory, hoping that he will pardon the inevitable failure of a statistician 
who is not a biologist to make of it all that he would have wished. 

It will be convenient to give here a summary of the principal results. 
Brief references are given to tables and figures illustrative of the points 
mentioned, but these must, of course, be taken in conjunction with the 
discussions in the text : 

(1) The YR seeds from dihybrid plants do not yield plants of the 
four possible types (dihybrids, monohybrids for shape, monohybrids for 
colour and pure dominants) in the expected proportions 4 : 2 : 2 : 1 or 
446 : 222 : 222 : 111 per 1000, but in the average proportions 405 : 221 : 
234 : 140 (Table I, p. 264). There is a marked excess of pure dominants 
and a deficiency of dihybrids as compared with the simple Mendelian 
theory. The variations in the observed proportions from crop to crop 
from the general average are within the limits of fluctuations of 
sampling. 

(2) The proportions on dihybrids of seeds classified as YR’s, YW’s, 
GR’s and GW’s fluctuate from year to year to an extent exceeding the 
limits of fluctuations of sampling (Table VI (a), p. 273). Crops J and Z 
agree well with Mendelian expectation (9 : 3 : 3 : 1), but Crops L and M, 
especially the last, diverge. On the average of the six crops the pro- 
portions given are 6658 : 1888 : 1872 : 583 . per 10000, instead of 
5625 : 1875 : 1875 : 625. There is a large deficiency of GW seeds, mainly 
compensated by an excess of YR’s. These results are fairly parallel to 
those published in the Second Report of the Evolution Committee of the 
Royal Society, 

Ror monohybrid plants the proportions of seeds seem fairly normal 
(Table VI (b), (o), pp. 273, 274), though monohybrids for colour tend to a 
slight deficiency of Yellows. 

(3) The frequency distribution showing numbers of dihybrid plants 
(with 100 seeds or more) giving each percentage of YR seeds, diverges 
largely from expectation (Fig. 1, p. 259). There is no mode at or near 
the expected proportion 56‘25 per cent. (9/16) but a marked peak at 
68 per cent, and a suggestion of a peak at 5i“52 per cent. The distribu- 
tion looks, in fact, compound. The extracted distribution for very large 
plants with 200 seeds or more (Fig. 7, p. 261) looks even more markedly 
compound, with modes at about the same percentages. Trial shows that 
the distribution for all plants with 100 seeds or more can be closely 
represented by a compound distribution (Fig. 8, p. 261), but there is a 
serious diflSiculty in so regarding it, in that the standard deviations of 
the components would be very much lower than the standard deviations 
of sampling (p. 289). 
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Percentage of YR seeds 
Fig. 7 



Fig. 8 

The frequency distributions for m are less irregular 

(Figs. 5 and 6, p. 260), but that for hybrids for colour is also apparently 
abnormal (p. 292). 

(4) An examination of individual dihybrid plants by the proportions 
of YR : YW : GR : GW seeds shows an excess of markedly divergent 
plants over the numbers expected on the theory of random sampling 
(Table XIII, p. 295). There seems to be some tendency for such abnormal 
plants to cluster in families (p. 299). An examination of the seeds on 
dihybrid plants and of the plants grown from YR seeds grouped by lines 
of descent (Table XVI, p. 307) shows that, while a number of such lines 
give average proportions approximately in accordance with Mendelian 
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expectation, others are highly aberrant. The various lines cannot be 
regarded as forming a homogeneous group. 

For the monohybrids on dihybrid lines (Tables XXII, XXIII, pp. 318, 

319) there is little evidence of heterogeneity. The lines of monohybrids for 
shape are more self-consistent than would be expected on the theory of 
random sampling. Monohybrids for colour, however, give one line that is 
highly abnormal, showing 81*1 per cent, of yellows on 523 seeds (pp. 319, 

320) . 

(5) The deficiency of GW seeds, the excess of YE seeds, the deficiency 
of dihybrid plants and the excess of pure dominants given by the totals 
of the six crops, seem to be mainly due to particular lines forming together 
about half the whole number (pp. 310-312). 

(6) It is not possible to account for the variations from crop to crop 
in the proportions of seeds on dihybrid plants by variations in the pro- 
portionate contributions of different lines to the crop. The variations 
appear to affect all lines (Table XXIV (2), p. 321). 

(7) A sample investigation on the pods of dihybrid plants of Crop G 
showed good agreement on the whole, with the expectation of random 
sampling, in the numbers of seeds of each type in pods of each size 
(Table XXVI, p. 326). The frequencies of the possible combinations 
of YE, YW, GE and GW seeds in five-seeded pods (the most frequent 
size) gave quite good agreement with expectation (Table XXVII, p. 328), 
and (with the possible exceptipn of one or two combinations) the same 
was true of the five-seeded pods of Crops J and K (Table XXVIII, p. 330), 
The abnormalities noted above do not appear appreciably to affect the 
distributions in the pods. 

Xo explanation is offered of the remarkable divergences from the 
expectation based on simple Mendelian theory; they remain a puzzle. 
But it seems clear that that theory is inadequate completely to explain 
all the facts. The mechanism at work appears to be more complex than 
is commonly postulated. 

II. The Proportions op Different Types of Plant 
FROM THE YE Seeds. 

Since yellowness and roundness are dominant, the types of yellow- 
round seeds borne by the self-fertilised dihybrid will be given by expanding 

(Y 4- G)« (E -f W)2 

and picking out the terms containing Y and E. They are as follows: 

A, 4Y6.EW giving plants bearing all four types of seed. 

E. 2YY . EW „ „ YE -f YW seeds. 

C. 2YG,EE „ „ YE + GE „ 

D. lYY.EE 3 , YE only. 
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In tLe future I shall use the letters A, B, C, D, as above, to denote 
these four types of plant. A^s are the dihybrids bearing all four types 
of seed in the ratio 9YE : BYW : BGR : IGW ; J5's are the hybrids for 
shape, bearing rounds to wrinkleds in the ratio 3:1; O’s are the hybrids 
for colour bearing yellows to greens in the ratio 3 : l,and D’s are the pure 
dominants bearing nothing tut yellow-round seeds. In each generation 
A'SyB% O' 8 and D’s should appear, if the simple Mendelian theory is 
correct, in the proportions 4 : 2 : 2 : 1. 

In Table I are shown the actual numbers of A, B, 0 and JD plants 
in each of the six crops, together with the expected numbers. It will 
be seen that there are some very considerable divergences from ex- 
pectation, only Crop M giving a really good agreement. If the results 
for all the crops are added together, as in the lowest section of the table, 
the disagreement is emphasised, showing that the divergences in the 
various years are in some degree in consonance, there being a general 
tendency to a deficiency of A's and an excess of B’s. In the last column 
of the table are given the values of P, the probability that a fit as bad 
as or worse than that observed might arise on random sampling from 
a universe containing A, B, C and P plants in the theoretical propor- 
tions 4 : 2 : 2 : 1, calculated in the now well-known way by Prof. Pearson’s 

method^. For the first crop, (?, the fit is exceedingly bad, the chance 
of getting such a divergence on random sampling being less than 1 in 
2000; such a divergence is almost certainly evidence that something 
besides mere chance is at work. For Crop P, P is also small; we would 
only expect to get such a divergence as that observed about three times 
in 200 trials, and it may be noted that the main divergences between 
observation and theory are similar to those observed in the preceding 
generation, viz. excess of P’s and deficiency of A's. In the following 
generations the values of P are much larger, but if the generations J to M 
are aggregated we once more find the same feature-— excess of P’s and 
deficiency of 4’s— though not quite so marked. For the six generations 
pooled together P is only •00007, so that we would only expect to find 
so great a divergence on random sampling about once in 15,000 trials. 
We can hardly write down such a series of results as due to nothing more 
than fluctuations of sampling. 

We may put the question in another way by asking what is the 

^ Tables for Statisticians and Biometricians : Cambridge University Press. Eacli difference 
of the observed from the expected freq[uency ie squared, the square divided by the expected 
frequency, and the sum of the quotients gives x®. Table XII in the above volume is then 
entered in the column in which n' is the number of groups (four in the present case) if 
comparison is being made with frequencies given d priori; otherwise -nf must be taken as 
the number of algebraically independent differences increased by unity. 
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probability of obtaining a collection of as bad as or worse than that 
shown by tbe six crops. The answer is given by summing the giving 
a total of 44*25, and entering the tables with n' = 3 x 6 + 1 or 19^. This 
gives P = *0012. Again, this is a very low value, though not nearly so 
low as the value obtained by pooling the six crops together. There is 
clearly a certain agreement in sign between the divergences of the several 
crops from expectation, which renders the probability of the pool much 
lower than that of the collection of observed. 

We can apply yet a further test to see how far the successive crops 
are consistent in the directions of their divergence from the expected 
Mendelian proportions. It is an obvious question whether the diver- 
gences of each generation from the average of the six may be regarded 
as random. Treating Table I as a contingency table, i.e. calculating the 
'^expected” number of plants in each crop not from the 9:3:3 : 1 ratio 
but from the proportions given by the totals at the foot of the table, 
I find X® to be 21*29; n' in this case is to be taken^ as 16 (i.e. 3x6 + 1) 

TABLE 1. 

Showing the numbers of plants of each type in each crop compared with the 
numbers expected on the proportions 4 : 2 : 2 : 1. 

A ~ dihybrid plants bearing YR + YW 4- GR + GW seeds 

B = monohybrid plants bearing YR + Y W , , 

YR + GR 

= pure dominants „ YR ,, 

Probability P of a fit 

Type OF Plant as bad or worse 

r- — ^ ^ arising on random 


Crop 

A 

B 

0 

D 

Total 

sampling and yf 

G 

Ohs. 

129 

99 

85 

58 

371 

P 

•0004 


The. 

164-9 

82-4 

82-4 

41-2 

■ — ' ■ 

X® 

18-09 

B 

Ohs. 

134 

73 

72 

55 

334 

P 

•018 


The. 

148-4 

74-2 

74-2 

37-1 



10-13 

J 

Ohs. 

135 

58 

84 

34 

311 

P 

•17 


The. 

238-2 

69-1 

69-1 

34-6 


X^ 

5-07 

K 

Ohs. 

126 

63 

70 

47 

306 

P 

•11 


The. 

136 

68 

68 

34 

■ 

X® 

6-14 

L 

Ohs. 

117 

73 

67 

38 

295 

p 

•37 


The. 

131-1 

65-6 

65-6 

32-8 

V 

x^ 

3-20 

M 

Obs. 

134 

57 

70 

35 

296 

p 

•66 


The, 

131-6 

65-8 

65-8 

32-9 


x^ 

1-62 

G 

Obs. 

775 

423 

448 

267 

1913 

p 

•00007 

to M 

The. 

850-2 

425-1 

425-1 

212-6 


x^ 

21-81 


^ Yule, Introduction to the Theory of Statistics, 6th Edition, Supplement III. 

® R. A. Pisher, “ On the Interpretation of x® from Contingency Tables, and the Calcula- 
tion of P,” Journal of the Royal Statistical Society, Vol. Lxxxv. 1922, p. 87: and Yule, 
‘‘On the Application of the Method to Association and Contingency Tables,” Ibid., or 
reference of the preceding note. 
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and P is 0*128. We might therefore expect a worse result on random 
samphng from a universe in which the true proportions were those given 
by the total of the crops (viz. 405 : 221 : 234 : 140) about once in eight 
trials. The numbers found cannot be regarded as random samples from 
the expected Mendelian proportions of 4 : 2 : 2 : 1 or 445 : 222 : 222 : 111, 
but can be regarded as random samples from proportions of 

405:221:234:140. 

If we wish further to judge how far each individual crop can be 
regarded as a random sample from the total, this can be done by con- 
densing the table into a two-row contingency table in which the par- 
ticular crop under consideration is one row and the aggregate of the 
remaining crops is the second row, working out again for this table 
and entering the tables with equal to 4. The results are as follows: 


Crop 


P 

G 

940 

•028 

E 

2*44 

•493 

J 

7*28 

•065 

K 

0-99 

•803 

L 

1-53 

•680 

M 

4-41 

•226 


The value of P is lowest for the first crop: a worse result would only 
be expected some three times in 100 trials in random sampling. Crops 

E, jC and ikf are all in very fair agreement with the average. 

I think it may be definitely concluded that the proportions of A, B, 
C and D plants given by these generations differ significantly from the 
expected Mendelian proportions and more nearly resemble expected 
proportions of 405 : 221 : 234 : 140. 

In what direction are we to look for an explanation of this divergence? 
In the first place some investigation is necessary to see whether it is not 
due to possible errors of classification of the plants. If a P plant, for 
example, has very few seeds it may, as a mere matter of chance, show 
no YW seeds and be classified as a P. If m A plant has very few seeds 
it may, as a mere matter of chance, show no GR’s or GW^s and be 
classified as a P; or no YW’s or GW’s and be classified as a 0; or even 
nothing but YR’s and be written down as a P. Are such transfers likely 
to be of any importance? 

If an A plant bears seeds, the chance of these being all YR’s and 
the plant being consequently classed as a P is (9/16)’^. 

As regards the possibility of its being classed as a P (or G) we must 
settle how we shall place it if it bears only, say, YW seeds. The point is 
of no practical consequence, as no such plants to the best of my memory 
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actually occur; but suppose we agree that such plants shall be written 
down as B’s, Then the chance that the A plant will bear only YR or YW 
seeds is (3/4)"; but this includes the case of its bearing YE seeds alone, 
when it would be classed as a Z), the chance of this event being (9/16)". 
The chance of the plant being classed as a E is therefore (3/4)" — (9/16)". 
The chance of its being classed as a C is, of course, the same. 

The chance of a E, or a 0, being classed as a E is evidently (3/4)". 
But what we want to know is the chance that a plant classed as a D 
is really an or a E, and so on. To solve this problem we must assume 
what is the true distribution of plants, and we will naturally assume the 
Mendelian distribution of 4 : 2 : 2 : 1. The distribution of E’s, (7’s and 
E’s in the actual classification, if all the plants have n seeds each, is then: 


Classed as B 

Classed as 0 

Classed as D 

True A i lHr-lrW 


1(A)" 

TmeB 


l(i)” 

True 0 — 


1(1)" 

TrueD 


i 


From this table, taking each column in turn, we can calculate, for 
any given number of seeds, the proportion of plants classed as E’s that 
are probably .4 ’s; the proportion classed as E’s that are probably 4.’s, 
or either E’s or E’s, and so on. The results of the calculation for plants 
with 6 to 20 seeds are given in Table IL When the number of seeds 
exceeds 20 any chances of transfer become very small. 

The actual numbers of plants with 5 to 20 seeds each in the totality 
of the six generations are given in Table III. Applying Table II to the 
data I find the following as the probable transfers : 



A 

B 

G 

D 

From I) to A 

+046 



-046 

From I) to B and 0 

— . 

+ 1-08 

+ 1-08 

-246 

From B to A 

+ 1-80 

- 1-80 

■ — . . 

— . 

From C7 to ^ 

+ 2-16 

— 

-246 

— 

Total 

+4-12 

-0-72 

-1-08 

-2-S2 


The plants transferred from E to E or 0 have been divided equally 
between the two. It will be seen that the net effect is quite small. 
Transfers owing to misclassification of plants with few seeds can only 
permit of an addition by way of correction of some four plants to the A's, 
a deduction of about one plant apiece from the E’s and the O’s, and a 
deduction of two or three plants from the E’s. We have to account for 
an excess, not of two or three, but of 55 plants in the E’s (Table I), and 
a deficiency not of some four plants in the 4’s, but of 75. It seems clear 
that the point we have raised is of little practical importance in the present 
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case ^5 and can do little towards accounting for the discrepancy between 
Mendelian expectation and the numbers of plants of the different types 
observed as shown in Table I. 

TABLE II. 

Showing, for a given number of seeds on the plant from 5 to 20, the proportion of 
plants classed as D’s thai are probably A!s, B’s or O'" s; and the proportion of plants 
classed as B or G that are probably A^s, 


. of seeds 

Proportion of Z>’s that are 

A B or C 

Proportion of 
^’s or O’s 
that are JL’s 

5 

•1036 

•4365 

•3219 

6 

•0689 

•3872 

•2625 

7 

•0444 

•3326 

•2107 

8 

•0278 

•2780 

•1681 

9 

•0171 

•2270 

•1306 

10 

•0102 

•1820 

•1012 

11 

•0061 

•1436 

•0780 

12 

•0036 

•1114 

•0596 

13 

•0021 

■0866 

•0454 

14 

•0012 

•0665 

•0344 

15 

•0007 

•0507 

•0260 

16 

•0004 

•0385 

•0197 

17 

•0002 

•0292 

0148 

18 

•0001 

•0221 

•0111 

19 

•0001 

•0166 

•0084 

20 

•0000 

•0125 

•0063 


TABLE III. 

Number of plants with seeds Of less, 

No. of seeds A B 0 D 


5 

6 

7 

— 

1 

— 

— 

' 

1 

1 

3 

2 

8 

3 

2 

— 

1 

9 

2 

1 

1 

1 

10 

1 

3 

3 

I 

11 

5 

2 

4 

1 

12 

3 

1 

2 

1 

13 

^ 2 


3 


14 

2 

3 



. ■ ' 4.^ 

15 

2 

3 

1 

. , — 

16 

8 

1 

A 

' — . 

17 

3 

: 2 

' & ■ • 

■ 7 

18 

3 

4 

4 

1 

19 

2 

. — 

... 2 

3 

20 

■'5 

■ 2 ■ , 

2 

1 

Total 

41 

26 

36 

23 


From the work that follows, I think the main explanation of the 
divergence must be in some way genetic. But there are certainly points 

^ Tte point might however become of considerable importance in classifying litters in 
which the number never exceeds a few xmits. 
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wHcii suggest ttat part at least of the explanation may lie in differential 
death“rate<". 

Table IV compares the proportion per 1000 of seeds sown in each 
generation that survived to give plants included in the record with the 
value of P from Table 1/ If the plant was not included in the record it 
may be either that it did not give any viable plant at aU- — which would 
account for the majority of omissions— or it gave a plant with no seeds, 
or a plant with so few seeds that, while it was duly entered in the original 
sheets, it was omitted from the tables now discussed; in every generation 
there was a scattering of such plants. If, then, for brevity we speak of 
the proportions in the fourth column of Table IV as the '^ proportions of 
survivals” it must be remembered that this phrase is not strictly correct. 

Comparing the last two columns of the table, it will be seen that in 
generations 6^ and H where the values of P are the lowest observed, the 
proportions of "survivals” are also the lowest observed; and in gene- 
ration M where the value of P is the highest observed, the proportion 
of "survivals” is also the highest observed. With the single exception 
of generation i the order of the values of P is the order of the "pro- 
portions of survivals.” While it does not, of course, amount to proof 

TABLE IV. 

Oom^parison of the values of '2 from Table I with the proportions of seeis surviving. 


Crop 

ip. 

Seeds so\m 

Plants 
in record 

Plants 
recorded per 
1000 sown 

P 

0 

460 

371 

807 

•0004 

H 

390 

334 

856 

•018 

J 

330 

311 

942 

•17 

K 

330 

307 

930 

•11 

L 

320 

295 

922 

•37 

M 

310 

296 

955 

•66 


TABLE V. 


Comparing the numbers of plants of each type in the aggregate of the six crops with 
the numbers expected from the seeds sown and with the numbers to be expected from 


the total that would give the observed number of D plants. 


Type of plant 

No. observed 

Expectation 
from 2140 
seeds sown 

Expectation from 
number required 
to give jD’s 
observed 

Proportion 
per 1000 of 
2 on 4 

1 

2 

3 

4 

5 

A 

775 

951 

1068 

726 

B 

423 

475-5 

534 

792 

a 

448 

476*5 

534 

839 

D 

267 

238 

267 

1000 

Total 

1913 

2140 

2403 

— 
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this consilience suggests that the proportion of survivals is one factor 
at work influencing the value of P. Where the proportion of survivals 
is low, it suggests, the death-rate^ — or the failures to form plants with 
more than a bare minimum of seeds— falls difierentially on the different 
types of seed, most heavily on the>4’s (as a rule) and least heavily on the 
P’s, thus upsetting the simple expected Mendelian proportions. 

If we regard, as above, all plants that fail to yield suifficient seed 
for them to be included in the record as '‘dead,” the death-rates shown 
in Table IV range from 4-6 to no less than 19*3 per cent. These are 
"death-rates” falling on the plants from the seed stage onwards, though 
some seeds may have been dead when sown. 

But there is a difficulty: in Table V, columns 2 and 3, the numbers 
of the four types of plant in the aggregate of the six generations are 
contrasted with the numbers to be expected from the numbers of seeds 
sown. It will be seen that the number of P plants recorded, viz. 267, 
is actually than the number to be expected from the seeds sown, viz. 

238. This suggests that during the life-stage in the pod, if the suggested 
line of explanation is correct, differential death-rates must have been 
operating in precisely the same way as in the later life-stage; so that 
amongst the ripe seeds there was already a relative excess of P’s and 
deficiency of J.’s. If we assume that all the P type fertilised ovules 
survived, we can estimate minimum death-rates for the other types. The 
work is carried out in the last two columns of Table V. The number of 
plants required to give 267 of type P is 9 x 267 or 2403, and this total 
should be distributed over the four types as shown in col. 4. Col. 4 shows 
an expectation, for example, of 1068 A plants, but there were only 775 
observed ; there was therefore a " survival rate ” of only 726 per thousand, 
or a death-rate of 274 per cent, on the given test. Possibly we are in 
some degree exaggerating deaths, for the excess of P plants observed 
may have been partly, though only partly, a mere fluctuation of sampling. 
But subject to this caution the death-rates implied by col. 5 are the 
lowest possible values of the death-rates on this hypothesis: if all the 
P type fertilised ovules did not survive, and it is highly unlikely that 
they did, the survival-rates of col. 6 must be correspondingly lowered 
or the death-rates increased. This line of explanation would imply then 
that there must have been a death-rate, or its equivalent, of at least 
28 per cent, on the A ovules and seeds— taking the plants through the 
whole course of their life up to the stage of the opening of flowers — and 
of at least 16 to 20 per cent, on the B and G ovules and seeds, against 
the minimum of no death-rate at all on the P ovules and seeds. The 
figures are so large as to be scarcely credible, though I doubt if they can 
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be called impossible. For the seeds that were sown in 1913 and gave 
the plants of Crop G there was a death-rate of nearly 20 per cent, on the 
four types together, from the sowing stage onwards. 

I was at first inclined, notwithstanding the magnitude of the suggested 
death-rates, to regard this possible explanation as adequate. But the 
data and discussion of the following sections seemed practically to rule 
it out, at least as more than a subsidiary cause ; the remarks of Mr Bateson 
and Miss KiUby in Second Report of the Evolution Committee of 
the Royal Society {oi, below, p. 275) suggest some observational evidence 
for difierential death-rates. In the first place, if death-rates are so heavily 
difierential as between the several types of fertilised ovule which all 
develop to YE seeds, they must almost inevitably be even more largely 
differential as between fertilised ovules which develop respectively to 
YE, YW, GE and GW seeds. This would completely upset the propor- 
tions of these seeds, and the data would diverge much more largely from 
Mendehan expectation than is in fact the case. In the second place, 
the evidence that follows seems to indicate that we cannot in fact 
postulate the simple Mendelian mechanism in its ideal form, and the 
explanation breaks down at its foundation. Notwithstanding Table IV, 
I am inclined to think the explanation must be in the main genetic. 

The only other data I know giving the numbers of the four types of 
plant developed from YE seeds are Mendel’s original figures : 



A ^ 

B 

Q 

D 

Total 

Observed 

138 

60 

65 

38 

301 

Expectation 

133*8 

66*0 

66*9 

33*4:' 

301 


Here both .d’s and D’s are slightly in excess, and both jB’s and C’s 
slightly deficient. But the differences are not significant, for P is 0*68. 
The number of seeds sown was 315, and the number of plants with seeds 
produced was 301 (11 seeds yielding no plants, and three plants with 
no seeds) so that the proportion of "'survivals” from the seeds to the 
record was 966 per thousand. This proportion of survivals is almost 
identical with that for Crop M, which also gave no significant divergence 
from Mendelian expectation, and also gave slight excesses of A^s and D’s 
as in Mendel’s data. The results are thus quite closely in accordance 
with one of our crops, though not with the general average. 

Summary. 

The four possible types of plant, dihybrids, hybrids for shape, hybrids 
for colour, and pure dominants, do not occur in the proportions required 
by the simple Mendelian theory. 
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Tiiougii these proportions fluctuate from crop to crop, the fluctuations 
lie within the limits of sampling from the average. 

The average proportions are 404 : 221 : 234 : 140, against the Men- 
delian expectation of 4 : 2 : 2 : 1 or 446 : 222 : 222 : 111 per thousand. 
There is a deficiency of dihybrids and an excess of pure dominants. 

Some examination of the data suggests that the divergence from 
Mendelian expectation may be due to differential death-rates. Tentatively, 
that explanation is rejected, at least as the main explanation, though it 
may be a subsidiary cause, 

III. The Pbopoetions op Seeds on each type op Plant 
IN EACH Generation as a Whole. 

Tables VI (a), VI (b), VI (c) show the numbers of seeds of each type 
counted, in each crop, on A plants, B plants and C plants respectively. 
Below the observed numbers of seeds are placed the “expected” numbers 
on the simple Mendelian ratios 9 : 3 : 3 : 1 and 3 : 1 respectively, and in 
the last column of each table is given the value of P, the probability that 
a fit as bad as or worse than that observed might be obtained on random 
sampling from a Mendelian population with the constitution postulated. 
For Table VI (a) the value of P is given by the method. In the case 
of Tables VI (b) and VI (o) the standard deviation of random sampling 
was calculated throughout from the theoretical proportions, i.e. was 

taken as 

5-\/ix|V=0-4"3301V 

and the value of P was found from the ratio of the observed deviation 
to .9 and tables of the normal function. With the large numbers that we 
have here to deal with the assumption of normality probably gives results 
of quite sufficient accuracy for the present purpose. 

If the reader will turn first to Tables VI (b) and VI (o) he will notice 
that for no single crop is P smaller than 0*05 (Crop J of the C’s); i.e. 
even in this case one might expect a divergence from expectation as 
great as or greater than that observed once in some twenty trials on 
random sampling. For the P’s, though no one value of P is smaller than 
0*14, no value is greater than 0*49 and the average value of P is about 
0-29 only. This might suggest some source of discrepancies other than 
mere fluctuations of sampling ; but when the six crops are aggregated 
the agreement with expectation is excellent, the value of P being 0-47 
— one might expect a worse agreement, on random sampling, at almost 
every other trial. Any definite discrepancies there may be in the different 
crops are, therefore, small and casual— sometimes in one direction and 
sometimes in the other. 

Joum. of Gea. xiix 


IB 
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Ie tie case of the O’s, though the discrepancies in the individual 
crops are small and the average value of P as high as 0*63, the dis- 
crepancy in the aggregate of the six crops is marked and P is slightly 
under 0*1 . Every crop but the last in fact shows an excess of greens, 
so that on the total there is an excess of over 140 green seeds. Considered 
in proportion to the total this deficiency is however not large, being just 
under 1-5 per cent. In view of the consistence of the different crops it 
may indicate some small real effect, but is still within the bounds of 
fluctuations of sampling. Considering these two tables as a whole there . 
is little to explain; they give a series of quite fair examples of the 
fundamental 3 : 1 ratio. 

But now, turning to Table VI (a) we see a very different story. 
Two crops, J and If , with over 17,000 seeds in each, give quite excellent 
agreement with the 9:3:3: T ratio, much better agreements than are 
given by the first two crops. But L gives a very bad agreement, and if 
a divergence so great that the probability of getting as bad a fit on 
random sampling can only be expressed as a high negative power of 
10— it lies between 10““^® and 10~^^. The most marked discrepancies are 
an excess of YW’s and a deficiency of GW’s, to the amount of about 200 
in each case, but there is also a deficiency of GK’s so that greens generally 
are deficient. If the six crops are pooled, as in the bottom section of the 
table, the deficiency of GW’s is emphasised, as this is a feature common 
to every crop but Ky but the ^excess of YW’s is decreased as the four 
crops Q to K show a deficiency. Next to the defect of GW’s the most 
marked divergence in the general total is the excess of YE’s, again a 
feature common to every crop but Z. As shown by the value of P, on 
random sampling we would only expect a misfit as bad as that given by 
the total of the six crops once in some 25,000 trials; the divergence is 
almost certainly significant— but of what? The sum of the x^’s is 91-51 
which with nf = 19 gives a vanishingly small value of P and emphasises 
the divergence. 

The crops in this case diverge from one another as well as from 
Mendelian expectation. Treating Table VI (a) as a contingency table 
(cf. the treatment of Table I), is 71-28, and P is again almost 

vanishingly small. 

In this case we have earlier data from other observers which may 
be illuminating. In the first place there are Mendel’s own figures^. He 
obtained excellent agreement, though with a sample much smaller than 
those with which we have to do in Table VI. P works out at 0*91, using 
the precise values for the expectations and not the rounded figures given 
^ Bateson, Mmd^B Principles, p. 60. 
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TABLE VI (A). 

Totalnumhers of seeds of each type on the A plants of each crop; expected, numbers 
9 : 3 : 3 : 1 ratio; and, probability P of obtaining in random sampling a diver- 
gence as bad as or worse than that shown. 


Seeds 



Crop 

TO 

YW 

GB 

GW 

Total 


P and 

G 

Ohs. 

3425 

1059 

1177 

356 

6017 

p 

•049 


The. 

3385 

1128 

1128 

376 

— 


7-88 

H 

Obs. 

5383 

1785 

1820 

556 

9544 

p 

•35 


The. 

5368-5 

1789-5 

1789-5 

596-5 

— 


3-33 

J 

Obs. 

9872 

3251 

3323 

1074 

17520 

p 

-15 


The. 

9855 

3285 

3285 

1095 



1-22 

K 

Obs. 

9984 

3299 

3345 

1138 

17766 

p 

•78 


The. 

9993 

3331 

3331 

1110 

— 


1-09 

■JS\' 

Obs. 

4752 

1575’ 

1469 

464 

8260 

p 

■0068 


The. 

4646 

1549 

1549 

516 

— 

x^ 

12-23 

M 

Obs. 

7993 

2846 

2564 

677 

14080 

p 

3-5x 10~i« 


The. 

7920 

2640 

2640 

880 

— 

x^ 

65-76 

G 

Obs. 

41409 

13815 

13698 

4265 

73187 

p 

•00004 

toM The. 

41167 

13723 

13723 

4574 

— 

x^ 

22-95 

G 

Distribution 

5658 

1888 

1872 

583 

10000 


' 

toM 

per 10000 

5625 

1875 

1875 

625 

— 


■ ■ . 




TABLE VI (B). 



Total numhers of seeds of each type on 

the B plants; 

• expected numbers on the 3 : 1 

ratio; and prohability P of obtaining 

in random sampling a 

divergence as great 

as or greater than that shown. 

Crop ‘YB 

Seeds 

■A .. . 

YW 

Total 

P 

G 

Obs. 

3492 

1107 

4599 

•14 


The. 

3449 

1150 



H 

Obs. 

3857 

1229 

5086 

•17 


The. 

3814-5 

1271-5 

, ' ■■ . 


J 

Obs. 

6192 

1691 

6883 

•40 


The. 

5162 

1721 



■ ' ■ dC 

Obs. 

6032 

2078 

8110 

•19 


The. 

6082-5 

2027-5 


■'A— 

p;" 

Obs. 

3689 

1268 

4957 

•34 


The. 

3718 

1239 


— 

M 

Obs. 

4485 

146^ 

5949 

•49 


The. 

4462 

1487 



Q 

Obs. 

26747 

8837 

35584 

•47 

to M 

The. : :■ 

26688 

8896 



0 

Distribution 

7517 ■■ 

2483 

10000 


toM 

per lOOOO 

7500 

2500 




18—2 
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TABLE VI (0). 

Total numbers of seeds of each type on the C plants; expected numbers on the 3 : 1 
ratio; and probability P of obtaining in random samplihig a divergence as great 
as or greater than that shown. 

Seeds 



Crop 

YR 

GR 

Total 

P 

0 

Obs. 

2744 

939 

3683 

•50 


Tbe. 

2762 

921 

— 

— 

E 

Obs. 

3538 

1204 

4742 

•54 


The. 

365&5 

1185-5 

— ' 

— 

J 

Obs. 

7550 

2630 

10180 

•05 


The. 

7635 

2545 

— 

— 

K 

Obs. 

6544 

2189 

8733 

•88 


The. 

6550 

2183 

— 


L 

Obs. 

2993 

1027 

4020 

•42 


The. 

3015 

1005 

— 

— 

M 

Obs. 

5004 

1657 

6661 

•82 


The. 

4996 

1665 

— 

— 

G 

Obs. 

28373 

9646 

38019 

*095 

to Jf 

The. 

28514-5 

9504-5 


— 

G 

Distribution 

7463 

2537 

10000 

. — 

toll 

per 10000 

7500 

2500 

— 

— 


below. But this is in no way inconsistent with our own results, for 
divergences of the same proportionate amount as those found in the 
70,000 observations of the aggregate of the six crops would be totally 
insignificant on a sample of this^size. As a matter of fact— I do not stress 
it of course— the GW’s are in defect in Mendel’s data, the deficiency 



YR 

YW 

GR 

GW 

Total 

Observed 

315 

101 

108 

32 

556 

Expected 

313 

104 

104 

35 

— 


reckoned on the precise expectation of 34*75 being 8*0 per cent. In 
the aggregate of our six crops we have 4265 GW’s against an expectation 
of 4574, and that is a deficiency of only 6*8 per cent. Again, YR’s are 
actually in excess in Mendel’s data, by 0*72 per cent.; in the aggregate 
of the six crops they are only in excess by 0*59 per cent. In both instances 
it is the very large number of observations in the Darbishire record that 
makes the small relative deviations significant and important. If the 
actual distribution of Mendel’s figures be multiplied up in the ratio of 
73,187 to 556, the resulting distribution would give a value of P of the 
order a value nearly as low as that of our distribution in Crop M. 
Conversely, if Crop M had had only 556 observations instead of 14,080, 
the value of would have been reduced from 65*76 to 2*60 and P would 
have been 0*46 — the observations would have appeared to be quite a 
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good fit to Mendelian expectation. The importance of the number of 
observations must be borne in mind; the deviations are relatively small. 

A much larger series of observations is available in the Second Report 
of the Evolution Committee of the Royal Society, p. 77. 

YR YW . GR GW Total 

Observation 4926 1656 1621 478 8681 

Expectation! 4883-0 1627-7 1627-7 542-6 — 

The distribution here rather closely resembles our total for the six 
crops, the signs of the deviations being the same. There is an excess of 
0-98 per cent, of YR’s and a deficiency of 12 per cent, of GW’s. Dr Bate- 
son and Miss Killby suggest an explanation of the deficiency of GW’s 
which is the most conspicuous feature: ‘'The net deficiency of green 
wrinkled seeds is probably due to a slightly greater tendency to tinge, 
or to burst, owing to which a larger proportion have been consigned to 
the ‘dubious’ class, or have been rejected as dead.” There are two 
explanations here, (a) difficulty of classification, leading to the seeds ; 
being queried instead of being allocated to their class, (5) a differential 
death-rate falling more heavily on the GW seeds. 

The number of seeds classed as doubtful in Dr Bateson and Miss 
Ehllby’s record is large, viz. 348, so that if it is legitimate appropriately 
to distribute them the divergences observed can be greatly reduced or 
even eliminated. But examination of the data, given in full in the Report, 
has not convinced me that the greater |)art of the discordance can be 
explained on these lines. Selecting from the data series with relatively 
few doubtfuls still leaves a deficiency of GW’s. I tried more than one 
mode of selection, e.g. rejecting any series which had a total of “ dubious” 
equal to or greater than one-eighth of the total of heterozygotes. The test 
left me with 5809 seeds or 67 per cent, of the total, and only 94 doubtfuls 
or 27 per cent, of the original number, so that if the suggested explanation 
were correct a considerable improvement in fit with expectation should 
have been effected. The figures obtained were: 

YR YW GR GW Total 

Observation 3237 1121 1122 329 5809 

Expectation 3267-6 1089-2 1089-2 363-1 

The deficiency of GW’s is now 9*4 per cent, against 12 per cent. The 
values of and P for the two tables are: 

8681 observations 8-59 0-036 

5809 „ 5-41 0-147 

! The values given in the Report are in error by a few units. 
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But tlie increase in tlie value of P is naainly due to tlie reduction in the 
number of observations. If 541 be multiplied in the ratio of S681 to 
5809 it is raised to 8*08, which would give P == 0*045~a comparatively 
small improvement, partly because the three classes other than GW’s 
do not agree so well with expectation as they did in the total. 

If we further deduct from the above numbers the data due to a group 
with 68 dubious (from the cross, Exp. $ x Serp. <J under the number 32 
in the tables of the Rejport) we obtain the following distribution: 

YR YW GR GW Total 

Observation 1776 594 616 181 3166 

Expectation 1780-9 593-6 693-6 197-9 — 

The deficiency of GW’s is now 8*6 per cent. ; m and P is 0*53 
as the observations stand, but if the number of observations were multi- 
plied up to the original total of 8681 would be 6*09 and P 0*11. We 
have thus steadily improved the fit by excluding dubious seeds, but not, 
as it seems to me, to anything like the extent we should have done if 
they were the main source of the original discrepancy. In this last series 
there were only 34 dubious seeds. 

We may look at the matter another way, thus. The deficiency of GW’s 
in the original data was 64*6, and the number of dubious seeds 348 ; 
to fill the gap in GW’s 18*6 per cent, of the dubious seeds should accord- 
ingly be GW’s. In the group that yielded 5809 sorted seeds there were 
only 94 dubious, and 18*6 percent, of 94 is 17*5, but the deficiency of 
GW’s is 34. In the group yielding 3166 sorted seeds there were 36 dubious, 
and 18*6 per cent, of 36 is 6*7, but the deficiency of GW’s is 17. To fill 
the gaps in GW’s in the successive series with fewer and fewer imsorted 
seeds we should have to assume that larger and larger proportions of 
these unsorted seeds were GW’s. This does not seem reasonable. 

Further, in our own data the exclusion of dubious seeds cannot be 
put forward as an explanation of discrepancies, as relatively few seeds 
had to be written down as dubious. If a seed was dubious in colour, 
as judged by external appearance, a small segment was removed with 
a sharp knife and the cotyledon colour was seldom doubtful. A few cases 
of shape might be doubtful owing to pitting, but not many. In the whole 
of the A plants of Crop M, I can only find 31 dubious seeds; there is a 
deficiency of 203 GW seeds. It may be said that seeds which ought to 
have been written down as dubious may have been mis-sorted; they 
cannot at least have been mis-sorted as YR’s, or we should have found 
some of the YR seeds sown yielding plants with only green-wrinkled 
seeds. I have every reason to believe that the sorting was done carefully 
with full recognition of the difficulties. 
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There remains the theory of the Report that a difierential death-rate 
is the source of disturbance. I gather from the wording that there is 
observational evidence to support this view. It is in accordance with 
the explanation tentatively put forward in the last section to explain 
the discrepancies in numbers of different types of plant, but I felt unable 
to retain that hypothesis for the reasons there stated. 

To turn to another writer, Mr Orlando E. White^, in a paper entitled 
''Inheritance studies in Pisum,'' remarks: "The expression of factor (? 
(green cotyledon pigment) fades on prolonged exposure to sunlight and 
wet weather, and seeds of wrinkled seeded varieties fade more quickly 
than those of round seeded forms. Lack of sufEcient sunlight, im- 
maturity due to prolonged growth of the vine, and other environmental 
factors affect the action of factor I (the factor which causes green 
cotyledon colour to fade).” This would seem to suggest the possibility 
of some mis-sorting resulting in a transfer of GW’s to the heading YW, 
and in a lesser degree of GE’s to YR, which would account for the facts 
observed in Crop M, but knowing the care taken in classification the 
adequacy of the explanation seems to me doubtful, and if some seeds 
classed as YR’s had been really GR’s we should have found this in the 
sowing. 

Dr Bateson and Miss Killby, in the Report of the Evolution Committee 
cited above, only suggest the existence of disturbing causes, such as 
differential death-rates or failures to sqrt correctly, and not the in- 
adequacy of the factor-mechanism postulated. But I feel compelled, 
by the present work, to postulate that inadequacy and start therefore 
from a different standpoint. I do not wish, however, to imply that such 
disturbing causes are not operative. I regard them only as subsidiary. 
Table VII, for the dihybrid plants of Crop M, shows that all kinds of 
disturbing elements may be at work. It will be seen that as the yield 
of the plant is increased from less than 50 seeds to 200 or more, the 
proportion of GW’s rises from an average of 448 per 10,000 to 494 
per 10,000; while contrariwise the proportion of YR’s falls from 5766 
per 10,000 — an excess over Mendelian expectation — to 5264, a heavy 
deficiency. 

Summary. 

The proportions of the seeds on dihybrids given by the total of the 
six crops differ significantly from Mendelian expectation. 

The principal divergences consist of a deficiency of GW seeds, such 
as was noted in the Second Report of the Evolution Committee of the 
Royal Society, mainly compensated by an excess of YR’s. 

^ Journal of Agrimlturcd Emearchi VoL xi. 1917, p. 167. 
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The deficiency of GrW’s and excess of YR’s is noted in every crop 
but one. 

The crops differ, however, significantly from each other in the pro- 
portions given. 

Differential death-rates again seem inadequate as an explanation of 
the facts, though it is not denied that such disturbing causes are in 
operation. In one crop tested, the proportions on dihybrid plants vary 
with the number of seeds on the plant. 

For the monohybrids results are close to expectation, but there 
seems to be some tendency in monohybrids for colour to a small deficiency 
of yellows. 

TABLE VIL 

Actual nmnhefs of seeds on A plants with different total numbers of seeds, 
and distributions fer 10 fiQO seeds, in Cr Of M., 

Observed mimbers 


No. of seeds on plant 

YR 

YW 

UR 

GW 

Total 

Under 50 

489 

168 

153 

38 

848 

50 but less than 100 

1703 

609 

522 

136 

2970 

100 but less than 200 

5034 

1743 

1597 

431 

8805 

200 and over 

767 

326 

Per 10,000 

292 

72 

1457 

Under 50 

5766 

1981 

1804 

448 

10000 

50 but less than 100 

5734 

2050 

1758 

458 

10000 

100 but less than 200 

5717 

1980 

1814 

489 

10000 

200 and over 

5264 

^ 2238 

2004 

494 

10000 

Expectation ... 

5625 

1875 

1876 

625 

10000 


IV. The Propobtions oe Seeds on iNDiviniTAL Plants oe each Type. 

The present section is devoted to the study of the fluctuations in the 
proportions of seeds, of each sort, from plant to plant. We expect,’’ 
for example, 56-25 per cent, of YR seeds on an A plant, though we know 
we never get — except rarely by a mere chance — precisely this percentage. 
But how do the percentages vary? Do we find only the amount of 
variation to be expected on the theory of simple sampling? or more? 
If the frequency distributions of percentages are plotted, do they show 
only the characteristics to be expected on the theory of simple sampling 
or any suggestive divergences? These are the types of question that arise. 

In previous work on this subject^, to which I shall have occasion to 

^ Yule, “Fluctuations of sampling in Mendelian ratios,^ Proc, Camb. Phil Soc, Vol. 
xvn. 1914, p. 425. The suggestion of limiting the study of the question to the case of plants 
with a certain minimum of seeds was originally made by Mr Bar bishire himself, on the 
ground that such plants might be diseased or exceptional. But the reasons arc, I think, 
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refer again later, it was found desirable to confine tbe study of this kind 
to plants with a certain minimum of seeds. Plants with few seeds in- 
evitably show a range of variation so wide that not only may the results 
be erratic, but any special characteristics of the distribution may be 
masked by casual fluctuations and irregularities. What is gained in 
numbers by including plants with few seeds is lost — if we are endeavouring 
to trace any definite sources of divergence — ^by the overwhelming weight 
of chance variations. As a rule I have therefore confined myself to the 
study of plants with 100 seeds or more. Even out of this population, 
as will be seen in the sequel, I have found it desirable further to select 
the plants with a minimum of 200 seeds, notwithstanding the consequent 
limitation of numbers, for special study. 

Tables VIII (a), (b) and (c) give a summary view of the frequency 
distributions of percentages, for the six crops as a whole; and Tables 
IX (a), (b) and (c) show the numbers of plants from each crop that con- 
tributed to the preceding table, together with the numbers of seeds on 
them. Table VIII is read as follows, taking (a) as an illustration. From 
the row with the side-heading Total’’ near the bottom it will be seen 
that there were 286 plants with 100 seeds or more (A plants, dihybrids) 
in the aggregate of the six crops. Of these 285 plants one bore no more 
than 45 per cent, of YR seeds, while one bore 70 per cent. Forty-two 
plants bore 58 per cent, of YR seeds, and this is a larger number than 
bore any other single percentage. The ‘‘'expected” percentage is 56*25 
or 56 to the nearest unit, and only 26 plants showed this percentage. 
Referring to the bottom of the table, the mean percentage calculated 
from the frequency distribution is 56*74, which differs from the expected 
value by 0*49 or nearly twice the standard error of the mean, given in 
the lowest section of the table. Below the mean M is given the standard 
deviation s; the standard error of the mean is where Y is the 

number of observations, and the standard error of the standard deviation 
has been taken at its value for a normal distribution, viz. s/V^N, which 
is given in the last line of the table. The other columns of this table, and 
the columns of Table VIII (b) and (c) are read similarly. The calculation 
of Sq, the standard deviation of sampling, is explained below. 

Before turning to the consideration of Table VIII some minor points 
are of interest. It wiU be seen from Table IX that the different crops 
contribute to Table VIII in proportion neither to the total numbers of 

wider than this, especially in the present case where we want to study the form of the 
frequency distribution. 

I am not sure, however, that something may not have been lost by such exclusion if 
plants tend to be small simply because they are exceptional. 
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seeds harvested (Table VI) nor to the total number of plants harvested 

(Table I). Crop G is particularly deficient in plants with 100 seeds or 

more, but this, I understand, is an artificial result due to the fact that 

Mr Darbishire did not always count out all the seeds on a plant but 

stopped when he reached an arbitrary minimum; such a limitation can 

be understood when the average proportions were regarded as the main 

object of determination, but from the present standpoint was unfortunate. 

Later generations were completely counted. Comparing the numbers 

of plants with 100 seeds or more with the totals of Table I, the figures 

run as follows: ook ^ 

A s, 286 out of 775, or 37 per cent. 

jB’s, 122 out of 423, or 29 per cent. 

O’s, 137 out of 448, or 31 per cent. 


TABLE VIII (a). 


Number of A plants with 100 seeds or more, in the total of the six crops, with each 
percentage of YR, YW, GR and GW seeds ; together with the mean percentage M; 
the s,d,, s; and the sd, of sampling Sq based on the mean percentage observed. 


No. of plants 


No. of plants No. of plants 

No. of plants 


with said 


with said 

with said 


with said 

Per- 

percentage 

Per- 

percentage 

percentage 

Per- 

percentage 

centage 

of YR seeds 

centage 

of y W seeds 

of GR seeds 

centage 

of GW seeds 

46 

1 

9 

1 

1 

1 

3 

46 

— 

10 


— 

2 

5 

47 

1 

11 

2 

1 

3 

23 

48 

4 

12 

6 

3 

4 

47 

49 

6 

13 

^ 3 

11 

5 

48 

50 

8 

14 

8 

15 

6 

68 

51 

17 

15 

21 

16 

7 

40 

52 

17 

16 

26 

20 

8 

28 

53 

13 

17 

34 

31 

9 

12 

64 

16 

18 

37 

40 

10 

7 

65 

16 

19 

37 

35 

11 

1 

56 

26 

20 

33 

31 

12 

2 

57 

26 

21 

27 

30 

13 

1 

58 

42 

22 

15 

22 

— : 

— , 

69 

30 

23 

14 

16 

— 

— 

60 

14 

24 

8 

5 

— 

— 

61 

16 

25 

4 

5 


— 

62 

9 

26 

2 

2 

' 

— , \ 

63 

9 

27 

2 




„ 

64 

2 

28 

4 

1 

' ' — ■ 

' 

65 

2 

29 

■■ 2. 

■ ' 

■ 


66 

6 

30 


— - 

— . 


67 

68 

69 

70 

3 

1 






Total 

285 


285 

285 

'y'— 

285 


56'74 


18*88 

18*62 


''>''■'5*78::-'''' 

s 

4*221 


3*364 

3*095 


1*967 

So 

4*040 


3*192 

3*176 


1*904 


S.e. ofif *250 — ^199 *183 «11T 

S.e. of^ -177 — *141 -130 — *082 
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The -4’s therefore seem to have an appreciably possibly significant, 
larger proportion of vigorous plants. The D plants, bearing only YR seeds, 
do not come under consideration here, but a search of the lists shows only 
21 plants with 100 or more seeds out of 267, or no more than 8 per cent. 
In view of the varied weighting of the difierent crops in the total 
a sensible alteration might be expected in the proportions of seeds of 
each type, but the actual changes are very small. The following are the 
proportions per 10,000 of seeds on the A plants: 

YR YW OR GW Total 

AU plants 5658 1888 1872 588 10000 

With 100 seeds or more 5658 1893 - 1865 584 10000 


TABLE VIII (B) AND (0). 

Numbers of B and C flants with 100 seeds or more^ in the total of the six crops, 
with each percentage of YR seeds; together with the mewn percentage M, the s,d., s ; 
and the sd, of sampling Sq based on the mean percentage obser ved. 



(B) 

(0) 


No. of plants 

No. of plants 

Percentage 

with said percentage 
of YR seeds (R : W) 

with said percentage 
of YR seeds ( Y : G) 

61 

— 

1 

62 

1 

. — 

63 

— 

— 

64 

— ■ 

1 

65 

1 - 

— 

66 

1 

2 

67 

2 

— 

68 

1 

2 

69 

5 

5- 

70 

5 

2 

71 

3 

12 

72 

10 

10 

73 

11 

14 

74 

11 

10 

75 

12 : 

13 

76 

■ 20. ' : 

17 

77 

13 

16 

78 

7 

18 

79 

: Q ■■■ 

4 

80 

■ :5 , 

3 

81 

■ . ■ 4 ■. ■ . . 

2 

82 

:.;3:: ■ 

2 

83 

— 

1 

84 

■■■■■■ :1'.;: 

1 

85 


1 


Total 122 



■:74-88- ■ 

74-81 

s 

>3-789 

3-770 

Sq 

3*562 

3-572 

S.e. of M 

•343 

'■■■-322' ■'"".■■■■ 

S.e. of s 

■ -243' 

•228 
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TABLE IX (a). 

Plants ivith 100 seeds or more; number s of A plants and their seeds in each crop. 


Seeds 


Crop 

Plants 

YR 

YW 

GR 

GW 

Total 

Q 

8 

563 

167 

188 

51 

969 

H 

22 

1817 

611 

591 

188 

3207 

J 

76 

7869 

2579 

2608 

854 

13910 

K 

82 

8611 

2841 

2895 

964 

15311 

L 

27 

2018 

657 

623 

196 

3494 

M 

70 

5801 

2069 

1889 

503 

10262 

Total 

285' 

26679 ^ 

8924 

8794 

2756 

47153 

Expectation 


26524 

8841 

8841 

2947 

— 

Distribution per 
10,000 observed 

— 

5658 

1893 

1863 

584 

10000 



TABLE IX (B). 




Plants with 100 seeds or 

more; numbers of B plants and their seeds in each crop. 


Seeds 


Crop 

Plants 

YR 

YW 

Total 

Q 

3 

280 

85 

365 

E 

15 

1551 

515 

2066 

J 

27 

3642 

1189 

4831 

K 

38 

5039 

1746 

6785 

. L 

14^ 

1325 

421 

1746 

M 

25 

2983 

980 

3963 

Total 

122 

14820 

4936 

19756 

Expectation 

:: — 

14817 

4939 


Dist. per 10,000 observed 


7502 

2498 

10000 


TABLE IX (c). 

Plants with 100 seeds or more; numbers of Q plants and their seeds in each crop. 


Seeds 


Crop 

Plants 

YR 

GR , . 

Total 

Q : ^ 

V 

179 

51 

230 

H 

12 

1202 

419 

1621 

J 

41 

5780 

1988 

7768 

K 

43 

5473 

1838 

7311 

L 

9 

888 

311 

1199 

M 

30 

3190 

1047 

4237 

Total 

137 

16712 

5654 

22366 

Expectation 

' -:■ 

76774*5 

559 h5 


Dist* per 1 0,000 observed 



' ,2528 , ' ; 

10000 



283 


: G. 'Udny Yule- 

Tlie -B and C plants compare as follows: 



B plants 
YR 

. YW 

Total 

All plants 

7517 

2483 

10000 

With 100 seeds or more 

7502 

2498 

10000 


C plants 
YR 

GR 

Total 

All plants 

7463 

2537 

lOOOO 

With 100 seeds or more 

7472 

2528 

10000 


There is therefore very little difierence, in the total, between the 
proportions of seeds on plants with 100 seeds or more and the propor- 
tions of seeds in the general aggregate. 

In the average proportions given by Tables IX each plant is weighted 
in proportion to the number of seeds it bears; in the averages of Tables 
VIII the percentage of each sort of seed borne by a plant is counted only 
once. Hence comparison of the two averages will show whether larger 
or smaller percentages are, on the whole, associated with the more pro- 
lific plants; the comparison given above suggests very little correlation 
of the kind notwithstanding the results shown by Table VII for Crop M. 
The averages for A plants compare as follows: 

YR YW GR GW Total 

Average weighted 5658 1893 1865 584 10000 

„ unweighted 5674 1888 1862 578 10000 

This comparison shows that on the whole the more prolific plants 
bear fewer YR’s and more GW’s, a result in the same direction as that 
given by Table VII, but the difference is small and is less than the 
standard error in each case. For B plants the averages are: 

YR YW Total 

Average weighted 7502 2498 lOOOO 

„ unweighted 7488 2512 10000 

In the case of the J5’s the more prolific plants bear relatively more 
YR’s— i.e. fewer wrinkled seeds. The averages for the C’s run : 

' YR .GR';''; . -..TotaL.. . . 

Average weighted 7472 2528 10000 

„ unweighted 7481 2519 10000 

Here again the more prolific plants, as in the dihybrids, bear relatively 
fewer YR’s, i.e. relatively more green seeds, than the less prolific plants. 
The differences are not, however, large. , 

We now turn to a comparison of the actual fluctuations observed with 
the fluctuations of sampling. The first comparison was effected simply 
in terms of the standard deviation. If, say, we draw n counters at a time 
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out of a very large aumber of red and white counters mixed in the pro- 
portion to q, drawing purely at random, the standard deviation of the 
proportions of red counters observed in the samples will approach, 
within the limits of fluctuations of sampling, the value where 

and can be expressed as percentages if it is desired to obtain the answer 
in terms of percentages. If we had a large number of plants and took 
the same number of seeds n from each, and if the Mendelian proportions 
were subject to no cause of variation except fluctuations of sampling, 
we should expect the standard deviation of the percentages of any given 
type of seed to be given by the above expression. 

But in practice we have not got the same number of seeds on each 
plant; n varies from plant to plant. Clearly in this case we have to 
substitute for n some sort of average of the number of seeds per plant. 
The average to be used is the harmonic mean (the reciprocal of the 
arithmetic mean of the reciprocals); in other words we substitute the 
arithmetic mean of \jn for Ijn in the formula^. This is the expression 
symbolised by 5o in Tables VIII, i.e. 

where H is the harmonic mean of the numbers of seeds on the plants 
included in the table. The values of 1/JT and of H are as follows: 

A plants: 1/ff, 0*0066516: H, 150*3. 

B jplants: 1/F, 0*00674:67: H, 148*2. 

G plants: l/jff, 0*0067701: H, 147*7. 

H was determined by writing down the reciprocal of n for each plant, 
to two significant figures, from Barlow's Tables, and averaging. For the 
p and q of the formula it makes very little difference whether we use the 
expected Mendelian percentages or the average percentages actually 
observed; the latter were used. 

Looking through the values of s and Sq in Tables VIII (a), (b) and (c) 
we see that in every case but one the value of s exceeds that of the 
exceptional distribution is that for GR seeds on A plants. In the other 
cases the excess is not great, only in two distributions out of five slightly 
exceeding the standard error of the standard deviation. Taking the 
figures as a whole they suggest a small influence of some definite cause 
or causes tending slightly to increase the range of fluctuations of sampling. 
If two causes of fluctuation, acting independently, are superposed the 
squares of their standard deviations add, so that the standard deviation 
of the percentages due to definite causes will be given by — SqK The 
values of this expression for the YR*s, YW’s and GW’s of Table VIII (a) 

^ Of. Yule, Introduiction U> the Theory of Statistics, Chap. xm. Section 11. 
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are 1*223, 1*062, 0494; for the proportions of YR’s on B and G plants 
respectively 1*292 and 1*196. If we are justified in assuming that the 
exceptional case of the GE’s on A plants is due to the chances or sampling 
—and the negative difference is only some three-fifths of the standard 
error of the standard deviation — ^the figures suggest some sort of dis- 
turbing cause affecting the percentages to the extent of a standard 
deviation of about 1*2 units in the case of YR’s on A plants, of probably 
less than a unit in the case of YW’s and GR’s on the same plants, and of 
about half a unit in the case of GW's. The percentages of YR's on B 
and C plants seem to be affected to about the same extent as the per- 
centages of YR's on 4 plants. 

To attempt to throw a little more light on the matter I wished to 
compare the actual distribution with that to be expected on the theory 
of sampling. As is well known, the frequencies of the actual numbers 
* of red counters— to refer to our previous illustration— in a sample of n 
should be given by the terms of the binomial 

where is the proportion of red counters in the ^‘universe" from which 
drawings are made and 5 ^ is 1 — j). If n is large, as in our present case, 
calculations may be simplified by using Prof. Pearson's approximation 
to the binomial 

But matters are again complicated by the fact that n is not constant. It 
would have been an exceedingly laborious matter to break up the 
population of plants into a series of small sections each with nearly the 
same number of seeds— say 100 to 119, 120 to 139, and so on — and to 
calculate a separate curve for each, adding them together to get a curve 
for the aggregate, and I adopted a simpler approximation, merely 
calculating the curve corresponding to H the harmonic mean value of n. 
This is recognised to be a rough process, but probably gives a sufficiently 
close approximation. The values assigned to p and q were the values 
on Mendelian expectation, so that the whole curve was calculated on an 
a priori basis. 

The formulae for the curve constants in terms of the binomial con- 
stants are as follows : 

Mode at 0 {np — q + 0*5), 
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where c is the distance apart of the binomial ordinates; as we plot to 
a scale of 1 per cent., c is 100/J?. As already stated H was substituted 
tox n, and the a -priori values were used for jp and g, e.g. 9/16 and 7/16 
in the case of YR’s on A plants. The constants a and y are thus deter- 
mined, and the position of the mode, to which the equation for the curve 
is referred. For it is sufficient to use the approximate formula 

log = log + I log y - ^log log e + I log aj , 

N being the number of observations. 

In the case of the distributions for-S and C plants the values oi H 
are so nearly identical that after the former had been calculated it was 
thought sufficient to use it for the latter as well. The constants deter- 
mined are as follows : 




Ik 

7 


a 

Mode 

A, 

YR 

28-01 

-24-05 

_ 

396-4 

56-29 

A, 

YW and GR 

35-59 

+ 4-810 

+ 

49-07 

18-54 

A. 

GW 

57-29 

+ 3-435 

4- 

13-48 

5-96 

and C, 

YR 

13-64 and 16-77 

- 5-928 


75-51 

75-40 


The observed distributions with the calculated curves superposed 
are shown in Figs. 1 to 6, pp. 259, 260. Testing the ''goodness of fit’’ by 
the method^ we find the following results for the grouping stated: 




n' 


P 

A. 

YR, 49 and under, 64 and over, grouped 

16 

28-31 

0-020 

A, 

YW, 12 and under, 26 and over^ grouped 

15 

11-49 

0-65 

A. 

GR, 12 and under, 26 and over, grouped 

15 

9-61 

0-79 

A. 

GW, 2 and under, 11 and over, grouped 

10 

21-25 

0-012 

B. 

YR, 68 and under, 81 and over, grouped 

14 

10-07 

0-69 

G. 

YR, 68 and under, 81 and over, grouped 

14 

17-30 

0-19 


For the seeds on dihybrid plants the YW and GR distributions. 
Figs. 2 and 3, p. 269, give a very fair agreement with the calculated curves. 
The charts show no very conspicuous or continuous divergences between 
observation and calculation; such as they are, attention may be directed 
to a small continuous defiGiency of YW’s between 22 and 26 per cent., 
compensated by a small but rather conspicuous excess at 27 per cent, 
and over, and to the irregularity on the left of the GR distribution with 
the excesses at 13 and 14 per cent, rather suggestive of a hump in the 
.■curve. 

The distributions of the GW and YR percentages on the dihybrids 
are very different, both giving a low value of P and a very poor fit. Taking 
the GW’s (Fig. 4) first, the reason for the low value of P is seen to lie 
in a general shift of the distribution to the low end of the scale, a shift 

^ Calculated ordinates were corrected to areas by adding one-twenty-fourtb of the 
second difference for the three ordinates of which the given one was the central. 
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that might have been expected in view of the low value of the mean, 
5*78 per cent, against the Mendelian value 6*26. The distribution also 
shows rather a marked hump on the left at 4 per cent., a little suggestive 
of the corresponding hump on the GR distribution. 

Turning to the YR’s (Fig. 1) we have quite a different story. The 
mean in this case is high, 56*74 against the expected 56*25, but the 
distribution as a whole cannot be said to be shifted to the right. The 
maximum frequency is given not by 56 or 57 per cent., as we would 
expect, but, very conspicuously, by 58 per cent. The whole distribution 
is also very erratic. Beginning at the lower end of the curve, we find that 
it passes under the observation-polygon ht 48 per cent, and remains 
under up to 62 per cent., the observations showing a conspicuous peak 
at 51 to 52. From 53 to 57 per cent, there is a continuous deficiency of 
observations as compared with expectation amounting to no less than 
29 on an expected total of 126. Then comes the marked peak at 68 per 
cent., followed by another excessive number of observations at 59 per 
cent., the combined excesses amounting to 24 observations on an 
expected total of 48 — an excess of 50 per cent. From 60 to 65 per cent, 
the curve runs fairly through the observations, but from 66 per cent., 
inclusive, upwards there are ten observations against an expectation of 
little more than three. It looks as if we had here to do with some quite 
definite divergence from the expected distribution, more than would be 
suggested merely by the excess of the mS3an. The whole distribution 
looks compound. The value of P calculated by only grouping the tails 
of the distribution, low though it is, does not fully reflect (as will often 
happen) the eye-judgment of the significance of the divergences shown 
by the chart, since the order of these divergences is not taken into account 
by the x^ method. We get a much more significant figure if the distribution 
is grouped as above by the successive runs of excess and defect. The 
figures are as follows: 


Erequency 


Percentage 

Actual 

-A- ^ 



ofYR’s 

Theoretical 

Difference 

Diff.VThe. 

Up to 47 

'■2 ^ 

4*59 

-2-59 

1-46 

48-52 

52 

46-04 

+ 5-96 

' -77 

53-57 

97 

125-96 

-28-96 

6-66 

58-59 

72 

47-90 

-+24-10 

12-13 

60-65 

52 

57*32 

- 5-32 

•50 

66 upwards 

10 

3-19 

+ 6-81 

14-54 





Total 36-06 


The value of is 36*06 and is only 6, which gives for P roundly 
•000006; or a worse fit, owing merely to chances of sampling, would be 
expected only some six times in 1,000,000 trials. Practically speaking 
Joum 19 
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this may be regarded as impossible; we are compelled to postulate that 
some definite and assignable cause has been at work. 

An interesting result is given by breaking up the distribution into 
two parts, for plants with 100 to 199 seeds, and plants with 200 seeds 
or more. The figures are given in Table X. The distribution for the large 
plants is even more suggestive of a compound distribution than is the 
original aggregate (cf. Pig. 7a, p. 261). Of the 66 plants in this distribution, 
66 belong to Crops J and A, the totals of seeds in which gave the best 
fits, and very good fits, to simple Mendelian expectation (cf. Table VI (a)). 
It seemed of interest therefore to subject these 66 plants to more detailed 
examination. ^ 

The frequency distributions of percentages of YR’s, etc. are given 
in Table XI, in the same form as Table VIII (a). It will be seen that the 
standard deviation in each case exceeds the s.d. of sampling, though the 
excess for the GW’s is very small. Further, the distribution of YR’s 
remains just as clearly suggestive of two components, one centering 
round a value near 52 per cent., the other round a value about 67 to 68 
per cent.; the distribution is illustrated in Fig. 7 6. On the other hand, 
the means of the several distributions, viz. 56*16, 18-86, 18*36, 6*32, are 
in fairly close accordance with the theoretical values 66*25, 18*75, 18-76, 
6*25, and this closeness of agreement is confirmed by the totals of seeds 
in Table XII, which lie extraordinarily close to expectation, working 
out at 0*72 only and P at 0*86^ so that we might expect a worse agreement 
eight or nine times in ten trials. 

Looking further into the distribution of percentages for the YR’s, 
it would seem that, if there are two components, these may be divided 
roughly from each other at a point between 54 and 55 per cent. This 
would give 14 observations to the lower component and 42 to the upper, 
a ratio of exactly 3:1; but how can a 3 : 1 ratio arise in the present cir- 
cumstances? The totals for the separate crops are: 



Under 55 

55 and over 

Total 

H 

1 

3 

4 

J 

9 

17 

26 

K 

5 

25 

30 

M 

4 


6 


but the figures are too small to lay any stress on the fluctuations. Nor 
is the 3 : 1 ratio the only puzzle. Taking the two distributions for the 
YE’s of J and K alone as divided at 54*5, the means and s.d.’s work 
out at: 

Lower distribution: Mean 61*38; s.d. 1*68 
Upper distribution: „ 67*99; „ 1*75 
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TMs result presents us at once witli a dijB&oulty, for tlie s,d/s observed 
are far smaller titan tbe standard deviations of sampling. Ignoring tbe 
difference between the average numbers of seeds borne by the plants of 
the two groups, which Table XII shows to be very small, the s.d.’s of 
sampling are 3*17 and 3*13 respectively, as calculated from the observed 
means, against the observed figures 1-68 and 1-76. I have totally failed 
to conceive of any mechanism which could so greatly limit the s.d. of 
sampling, though the question has raised itself in my mind whether the 
distribution of factors amongst the ovules should be regarded as random. 
If not random but determinate, there would result a certain reduction 
in the s.d. of sampling for the zygotes but* quite insufficient to explain 
such a result as the above. 

If, putting aside this difficulty for the moment, we examine the dis- 
tributions of seeds in the two groups, given in Table XII, we do not get 
much light on the matter. The distributions are not such as would be 
produced by slight positive coupling in the one case and negative in the 

TABLE X. 

Analysis of the A plants with 100 seeds or more into plants with 100-199 seeds and 
plants with 200 seeds or more^ as regards the distribution of YICs (Table VIII (a)). 


Plants with 


Percentage 

100 to 199 
seeds 

200 seeds 
or more 

Total 

45 

1 

— 

1 

46 

— 

— 

— 

47 

— , 

1 

1 

48 

3 

1 

4 

49 

5 

1 

6 

50 

6 

2 

8 

51 

13 

4 

17 

52 

11 

6 

17 

53 

11 

2 

13 

54 

14 

2 

16 

55 

14 

2 

16 

56 

19 

7 

26 

57 

T4 

12 

26 

58 

28 

14 

42 

59 

24 

6 

30 

60 

13 

1 

14 

61 

13 

3 

16 

62 

9 

. — ■ 

9 

63 

8 

1 

9 

64 

2 

— 

2. 

65 

1 

1 

2 

66 

6 


6 

67 

3 


3 

68 

. , — 



69 

■ , ' __ 

';v~ . 


70 

1 


1 


Total 219 


66 
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TABLE XL 


Nuniber of A plants with 200 seeds of more in Grops J and TL alone with each 
percentage of YM, YW, GR and GW seeds; together with the mean percentage M.; 


the s,d., s 

; and the sd. of sampling Sq based on the mean percentage observed. 

Ho. of plants Ho. of plants No. of plants Ho. of plants 

with said with said with said with said 

Per- 

percentage 

Per- 

percentage 

percentage 

Per- 

percentage 

centage 

of YR seeds 

centage 

of YW seeds 

of GR seeds 

centage 

of GW seeds 

47 

1 

12 

1 

1 

2 

— 

48 



13 

— 

1 

3 

1 

49 


14 

— 

2 

4 

8 

50 

,2 

15 

3 

3 

5 

7 

51 

3 

16 ^ 

5 

6 

6 

14 

52 

5 

17 

8 

9 

7 

13 

53 

2 

18 

8 

8 

8 

9 

54 

1 

19 

9 

7 

9 

3 

55 

1 

20 

10 

8 

10 

1 

56 

6 

21 

4 

4 

— 

— ^ . 

57 

10 

22 

5 

3 

— 

■ — , 

58 

14 

23 

1 

2 


— 

59 

6 

24 

1 

2 

— 


60 

1 

25 

— 

— 

— 

— 

61 

3 

26 

— 

— 

— 

— 

62 

— 

27 

1 

— 

— 

— 

63 

— 

- — 

— 

— 

— . 


64 

— 

— 

— 

■ : , 


_« 

65 

1 

— 


— 

, 

'' — ' 


Total 56 

— 

56 

56 


56 

M 66-16 

■ 

18-86 

18-36 



6-32 

s 3-332 

— 

2-524 

2-642 

. — 

1-548 

3-147 


2-481 

2-466 


1-543 

S.e. of M -445 


•332 

■383 


•207 

S.e. of s -316 


•234 

•250 


•146 


TABLE XII. 



Showing for K plants o/200 seeds 

or more in 

Crops J and K alone^ distinguishing 

plants with 54 per cent, of YR seeds or less from those loith^h per cent, or more^ 
the numbers and proportions per 10,000 of each type of seed. For the totality of 

the seeds the value of P test) is 

■86. 




Plants with 


Observed nunaber of seeds 


percentages of 



A 



YR 





YR’s 

YW 

GR 

GW 

Total 

47-54 

1885 

779 

749 

256 

3669 

55 upwards 

6219 

1932 

1916 

658 

10725 

Total 

8104 

2711 

2665 

914 

14394 

Expectation 

8096-6 

2698-9 

2698-9 

899-6 



Distributions per 10000 



47-54 

5138 

2123 

2041 

698 

10000 

55 upwards 

5799 

1801 

1786 

614 

10000 

Total 

5630 

1883 

1851 

635 

10000 

Expectation 

5625 

1875 

1875 ; 

625 

10000 
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other, for when the proportion of YR’s is high that of GW’s is low and 
vice versa. On the contrary, the distributions are very nearly such as 
would be produced if the excess or defect in the proportion of YR’s were 
distributed over the remaining types in proportion to the expected 
frequencies 3 .* 3 : — -i.e, such as we would get in random samples selected 
with the given proportions of YR’s. Thus, in the lower group there is 
a deficiency in the proportion of YR’s of 487 (5625-5138); distributing 
this in the proportions 3 : 3 : 1, we have to add to the remaining Men- 
delian proportions 209, 209 and 69 respectively, giving us expected totals 
of 1875 + 209, 1875 + 209 and 625 + 69, or 2084, 2084, 694, which are 
very close to the observed figures 2123, 2041, 698. For the upper com- 
ponent I obtain similar expected proportions, by redistributing the 
deficiency in YR’s, of 1800, 1800, 601, against the observed proportions 
1801, 1786, 614. An examination of the data by the same method in 
much greater detail, taking separately the A plants with 47-50, 51-52, 
53-55, 56, 57, 58, 59 and 60-65 per cent, of YR seeds, showed that all 
the samples obeyed this rule within the limits of random sampling. It 
would seem then that all the samples behave as random samples in a 
sense, but there are too many with a proportion of YR’s round about 
51-52 per cent, and correspondingly too many with a proportion round 
about 58 per cent. The efiect is apparently of the kind that would be 
produced by differential mortalities falling on the seeds — but we should 
have to account for such differential mortalities just balancing out in 
the total! — and then of course we have still to account for fhe small 
standard deviations of the components. The whole matter remains to 
me an entire puzzle. 

And yet the distribution for the entire 285 plants of Table VIII (a) 
suggests components with nearly the same means as those of the apparent 
components in the small sample of large plants. The maximum of the 
lower component looks as if it stood at about 5L5. There are 37 observa- 
tions below this, which would make the total 74, but I judged it better 
to take a slightly lower figure as the tail of the upper component looked 
as if it would overlap, and made the figure tentatively 68. This would 
place the lower quartile at 50‘125, suggesting a quartile deviation of 
1*375 or a standard deviation of 2*04 — say, roundly, two units. Ex- 
tracting this component, assuming that it could be taken with sufficient 
precision as a normal curve, I then found that the upper component 
would be markedly skew owing to the high frequencies round 66 per cent. 
No adjustment of the lower component seemed to eliminate this difficulty 
and I consequently found it necessary to retain three components, the 
means and standard deviations of which were as follows : 
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No. 

Mean 

S.D. 

Lower component 

68 

51-5 

2-00 

Central „ 

204 

57-94 

2-61 

Upper „ 

13 

66 

1-62 


Owing to the tentative mode of procedure the three components 
superposed do not give precisely the same mean and s.d. as the observa- 
tions, but the difierences are quite small: 

Mean S.D. 

Observations 56-74 4-22 

Fitted distribution 56*77 4-18 

That the fit given is an excellent one can be seen from Fig. 8, p. 261, and 
the test confirms the ocular impression. Grouping only the frequencies 
at 47 per cent, and under, 67 per cent, and over, so that n* is 21, ^ works 
out at 16*15, which makes P 0*707, so that we might expect a worse fit 
seven times in ten. The signs of the deviations between calculated and 
observed frequencies are moreover well distributed, there being only one 
run of three differences of the same sign (from 63 to 55 per cent.), and these 
are both relatively and absolutely small. 

The numbers of observations in the two principal components stand 
again in the incomprehensible ratio 3:1, and the whole distribution 
remains a complete puzzle. 

If a more rigid test be made of the fit of the distributions*for YW and 
GE seeds on the dihybrid plants by the method used above (p. 287), 
grouping the frequencies by the runs of sign of the differences between 
observation and theory, we obtain seven groups for the YW’s, ^ comes 
to 10-63 and P is 0*10. For the GE^s there are seven groups also, is 
7*91 and P 0*25. The fit in the nrst case is poor, but there is little to 
suggest the difficulties that arise with the YE distribution. It is obvious 
that if the YE distribution be really compound, the other distributions 
for the dihybrid plants must also be compound, but it is quite possible 
that the two components might lie closer together and the compound 
distribution not be so suggestive of a double peak. 

The distributions for the S and 0 plants tested in the same way give : 

B plants (hybrids for shape): 10 groups; x^, 12*07; P, 0*21. 

G plants (hybrids for colour) : 9 groups; x^ 21*60; P, 0*0068. 

For the second distribution P is very low indeed, and is strongly 
suggestive of something altogether abnormal. For the first P is quite 
moderate. The distribution fpr G plants is again rather suggestive of 
a compound distribution, but the components could not be taken as 
normal so I have not attempted dissection. I have not been able to 
throw any further light on these distributions. 
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Summary, 

Summarising briefly tbe more important points tbat arise from tbe 
preceding discussion: 

, We have found that in five eases out of the six considered the observed 
standard deviations are greater than the standard deviations of sampling. 

The frequency distribution for percentages of YR seeds on dihybrid 
plants is highly irregular and a very bad fit to the calculated distribution. 
It suggests a distribution with two components, centering round 51-52 
per cent, of YR seeds and 58 per cent, respectively. 

The large plants with 200 seeds or more in the two Crops J and K, 
the total seeds of which gave a close agreement with Mendelian ex- 
pectation, nevertheless gave a distribution showing two peaks at about 
the same percentages, and suggesting two components with about the 
same relative numbers of seeds. 

A difficulty is raised by the fact that, if there were two such com- 
ponents, their standard deviations would be very much lower than the 
standard deviations of sampling. 

Whatever the explanation of the abnormal form of the YR-distribu- 
tion may be, it seems impossible to account for it on the usual assumption 
that there is only a very simple mechanism at work. It suggests some- 
thing more complex. 

The distribution for percentages of Yellows on plants monohybrid 
for colour is also probably abnormal, and possibly compound. 

V. The Sorting- of Abnormal Plants by the Proportions of the 
Four Types of Seed, and an Investigation of Abnormality by 

Lines of Descent. 

In the preceding work the percentages of YR’s, YW’s, GR’s and G-W’s . 
on dihybrid plants have been considered singly, each percentage by itself. 
But, it may be asked, do any plants stand out as showing combinations 
of percentages of the four several types of seed diverging from the simple 
Mendelian proportions 9 : 3 : 3 : 1 by more than the fluctuations of 
sampling? 

This question can only be answered by working out the value of ^ 
for each plant separately and looking up the value of P. The test has 
been applied to the plants with 100 seeds^or more, but before going on 
to consider the results I should like to emphasise a point that is of 
importance. With the relatively small number of seeds that is borne by 
a single plant, hardly ever exceeding 300, we can only hope by this 
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process to sort out plants (if any) in which, the true proportions diverge 
very largely indeed from 9 : 3 : 3 : 1. Thus, suppose that it was possible 
for gametes to be given off in the proportions 2:3: 3 : 2 instead of 
1 : 1:1: 1, this would give phenotypes in the proportions 64 : 21 : 21 : 4. 
How many seeds would we require on a plant to make us — ^let us say— 
not even confident, but rather suspicious that we had not to deal with 
mere chance fluctuations from 9 : 3:3: 1, or 6625 : 1875 : 1876 : 625 ? 
The value of for a plant with 100 seeds would work out as follows: 


54 

56-25- 2-25 

•09 

21 

18-75 4-2-25 

•27 

21 

18-75 + 2-25 

*27 

4 

e 6-25-2-25 

•81 



X2 = i44 


For this value of P is only 0*70, i.e. we would expect to get such 
a* divergence from Mendelian expectation owing to fluctuations of 
sampling only, seven times in ten: we could lay no stress at all on the 
observed divergence. If the number of seeds on the plant is increased, 
is increased in direct proportion; how many seeds will we then require 
in order to raise such a value that P will give rise to some suspicion? 
Suppose we take the limit (very moderately) at = 8, corresponding 
to P = 0*046, so that we might expect divergences more improbable 
than those observed, owing to random sampling only, about once in 
21 trials. To give us this value of the number of observations (seeds 
on the plant) would have to be raised to 100 x 8/1*44, or 556. But no 
such plants occur; with plants of Piswm we are asking for a distinction 
that could not be made on the single plant. 

One more point. Suppose that the true proportions were 64 : 21 : 21 : 4, 
as above, but that, owing to the chances of sampling, the plant with 
100 seeds showed 51 : 23 : 23 : 2. This would at once raise the value of 
for comparison with the Mendelian proportions to 5*13, or 8 with 
a plant of 156 seeds only. This suggests that if we sort out exceptional 
plants by the present method, they may tend to give us, not the true 
proportions of seeds that would be shown by plants of the type, but 
proportions diverging rather more largely, in the same direction, from 
the Mendelian proportions. We may tend to get, in fact, a biassed sample. 

With these warnings we may pass to Table XIII which shows the 
approximate frequency distribution of values of the 285 A plants 
with 100 seeds or more. It is^only approximate, since a short process 
was used to save the labour of working out x^ from the numbers of seeds 
on the plants. The percentages of seeds had been already tabulated, and 
X^ was calculated from these percentages. Since a table could be drawn 
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TABLE XIIL 

{k. ^plants with 100 or more) showing the numbers of plants observed with the 
rough value of )^. {as calculated from the percentages) within given limits in each 
crop, together with the totals for all the crops and the expected frequencies on random 


sampling. 












Crop 

\ 







G 

H 

J 

K 

L 



Totals 

Value 



Number of plants 



\ 


ofx^ 

, — 


A__ 



— ^ 

Observed Expected 

0- 

1 

4 

16 

19 

4 

12 

56 

56*7 

1- 

1 

7 

13 

15 

5 

15 

56 

65*2 

2- 

4 

3 

15 

21 

9 

12 

64 

51*5 

3— 

1 

3 

9 

9 

S-j. 

11 

36 

37*1 

4r- 

1 

2 

8 

6 

2 

3 

22 

25*6 

5- 

— 

1 

4 

3 

1 

1 

10 

17*1 

6- 

— 

— , 

3 

1 

3 

3 

10 

11*4 

7~, 

— 

1 

4 

2 

— 

2 

9 

7*4 

8~ 

— 

— 

1 

3 

— 

3 

7 

4*8 

9- 

— 

— 

— 

— 

— 

4 

4 

3*1 

10 up. 

— 

1 

3 

3 


4 

11 

5*3 

Total 

8 

22 

76 

82 

27 

70 

285 

285-2 


up giving once for all the value of S^/m, m being the theoretical frequency, 
for any observed percentage in either of the four classes, the work could 
be done very rapidly, adding up the entries in the table corresponding 
to the observed percentages and then multiplying the result by the actual 
number of seeds divided by 100. Rapid as it was, the process proved 
rather more rough in its results than I had realised it might be; in par- 
ticular it tends to give too high a value Such as it is, it will be seen 
that, looking to the column of totals on the right, the bulk of the dis- 
tribution runs very closely with expectation, as deduced by differencing 
the column in the P table for n' = 4 and multiplying by 285. But when 
we get to values of 7 there is a constant excess of observation 

over expectation. If we take x^ — ^ limit which may give rise 

to suspicion, there are 22 observed values oi exceeding this limit as 
against an expectation of 13 only. Later work showed that in three of 
these cases x^ calculated from the seeds was rather under 8 , but this 
leaves us with at least 19 (since re-working from the seed numbers might 
throw up a value under 8 to over 8) as against the expectation of 13. 
In the subsequent work, however, I have taken the 22 plants with rough 
values of x^ over 8 as ‘^marked plants” for further investigation^. 

The first thing done was to list all the dihybrid (A) plants in each 
family with a ''marked plant.” The data are given in Table XIV, the 
"marked plant” of the family being distinguished by an asterisk against 

^ An examination of plants with less than 100 seeds would probably have contributed 
some “marked plants” but would have been very laborious. One such was noted. G 22*1 
gave 50 YE, 3 YW, 28 OR, 5 GW. is 19‘6l and P 0*00022. 
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TABLE XIV. 

Showing the numbers and percentages of seeds of each type on every plant in 
families of k plants marked by an abnormal plant (i.e. a plant giving a rough 
value of us rechoned from the percentages of 8 or more) together with the true 
values of and of 'B, calculated from the numbers of seeds, for each plant and for 
the total seeds on each family. Below the latter values of x^ und of P is given the 
sum of the values of xf for the plants of the family, and the value of B found by 
taking ik as three times the number of plants in the family -\'l. This gives the 
probability of obtaining a worse agreement with expectation, on random sampling, 
in the plants of the family considered together. ‘‘ Abnormal plants are denoted by 
an asterisk against the record number:, in three cases (J 2*10, K9*9, M 14*6) 
the true value of 'U)ill be seen to be under 8, actually between 1-h and 8. 

Numbers of seeds Percentages 


YbT' YW GR gw Total YR YW GR GW P 


iT 39-1* 

114 

52 

31 

4 

201 

57 

26 

15 

2 

12-49 

-006 

39*2 

13 

2 

5 

1 

21 

62 

10 

23 

5 

1-43 

•70 

39-4 

33 

15 

21 

8 

77 

43 

19 

27 

10 

7-63 

•055 

39-9 

32 

10 

7 

2 

51 

63 

20 

14 

4 

1-55 

•68 

39-10 

39 

19 

13 

6 

77 

51 

25 

17 

8 

2-34 

•51 

Total 

231 

98 

77 

21 

427 

54 

23 

18 

5 

5-69 

•13 











25-44 

•045 

J 2-1 

44 

17 

17 

5 

83 

53 

20 

20 

6 

0-42 

•92 

2-4 

63 

16 

26 

8 

113 

56 

14 

23 

7 

2-49 

•48 

2*7 

80 

37 

27 

6 

150 

53 

25 ; 

18 

4 

4*32 

•23 

2-8 

98 

31 

29 

7 

165 

59 

19 

18 

4 

1-47 

•69 

2-10* 

113 

21 

42 

10 

186 

61 

11 

23 

5 

7-87 

•049 

Total 

398 

122 

141 

36 

C97 

57 

18 

20 

5 

2-80 

•43 











16-67 

•35 

/ 17-1 

161 

47 

52 

17 

277 

58 

17 

19 

6 

0-64 

•87 

17-3* 

84 

22 

28 

20 

154 

55 

14 

18 

13 

13-03 

•0046 

17-4 

12 

8 

6 

6 

32 

37 

25 

19 

19 

10-67 

•014 

17-6 

118 

39 

37 

9 

203 

58 

19 

18 

4 

1-26 

•74 

17-7 

83 

27 

24 

10 

144 

58 

19 

17 

7 

0-49 

•90 

17-10 

87 

26 

24 

8 

145 

60 

18 

17 

6 

0-92 

•82 

Total 

545 

169 

171 

70 

955 

57 

18 

18 

7 

2-83 

•42 











27-01 

•079 

/ 25-2 

35 

12 

7 

4 

58 

60 

21 

12 

7 

1-73 

•63 

26-5* 

93 

13 

27 

6 

139 

67 

9 

19 

4 

10-24 

•017 

Total 

128 

25 

34 

10 

197 

65 

13 

17 

5 

7-17 

•067 











11-97 

•063 

J 29-2 

45 

13 

14 

3 

75 

60 

17 

19 

4 

0-89 

•82 

29-4* 

133 

78 

54 

20 

285 

47 

27 

19 

7 

16-26 

•0016 

Total 

178 

91 

68 

23 

360 

49 

25 

19 

6 

11-15 

•on 











17-15 

•0088 

K 9-2 

34 

10 

7 

4 

55 

62 

18 

13 

7 

1-49 

•69 

9-3 

79 

23 

26 

5 

133 

59 

17 

20 

4 

1-74 

•63 

9-4 

57 

13 

15 

7 

92 

62 

14 

16 

8 

2-14 

*55 

9-6 

25 

11 

5 

3 

:44 

57 

25 

11 

7 

2-22 

•53 

9-6 

103 

28 

27 

9 

167 

62 

17 

16 

5 

2-01 

•57 

9-9* 

156 

60 

35 

13 

264 

59 

23 

13 

* 5 

7-60 

•056 

Total 

■' ;;454:;^:; 


115 

41 

755 

60 

19 

15 

5 

7-91 

•048 
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TABLE XIV (com«t»Me<i!). 


Numbers of seeds Percentages 




YW 

GR 

GW 

Total 

yrT" 

YW 

GR 

GW 


p' ,;■:■■ 

K 10-2 

85' 

38 

38 

7 

168 

51 

23 

23 

4 

4*81 

•19 

10-3 

■■74 

27 

28 

11 

140 

53 

19 

20 

8 

1*01 

‘80 

10-4* 

166 

31 

48 

10 

255 

65 

12 

19 

4 

11-65 

-0089 

10-5 

37 

14 

18 

10 

79 

47 

18 

23 

13 

7-27 

-065 

Total 

362 

110 

132 

38 

642 

56 

17 

21 

6 

2.13 

•55 











24-74 

•016 

K 19-3* 

89 

39 

30 

19 

177 

50 

22 

17 

11 

8-07 

-045 

19*4 

82 

30 

41 

9 

162 

51 

19 

25 

6 

4-74 

•20 

19-5* 

55 

35 

22 

10 

122 

45„ 

29 

18 

8 

9-89 

•020 

19*7 

99 

40 

37 

11 

187 

53' 

21 

20 

6 

1-19 

•76 

19-9 

112 

32 

37 

18 

199 

56 

16 

19 

9 

3-28 

•36 

19-10 

127 

49 

46 

19 

241 

63 

20 

19 

8 

1-89 

•60 

Total 

564 

225 

213 

86 

1088 

52 

21 

20 

8 

11-08 

-oil 











29-06 

•048 

K 25-1* 

74 

31 

37 

2 

144 

51 

22 

26 

1 

10-33 

•016 

. 26-6 

82 

28 

20 

9 

139 

59 

20 

14 

6 

1-76 

•63 

25-9 

129 

47 

36 

18 

230 

56 

20 

16 

8 

2-42 

•50 

Total 

285 

106 

93 

29 

613 

56 

21 

18 

6 

1-45 

•70 











14-51 

•11 

K 27-2* 

129 

47 

27 

21 

224 

58 

21 

12 

9 

9-53 

•024 

27-8 

44 . 

8 

16 

5 

73 

60 

11 

22 

7 

2-99 

•39 

27-10 

72 

22 

22 

12 

128 

56 

17 

17 

9 

2-34 

•51 

Total 

245 

77 

65 

38 

425 

58 

18 

15 

9 

' 7-84 

•050 











14-86 

•095 

M 2-2 

50 

24 

13 

6 

93 

54 

26 

14 

6 

3-72 

•30 

2-3 

82 

31 

30 

8 

151 

54 

21 

20 

5 

0-67 

•87 

2-4 

90 

26 

31 

11 

158 

57 

16 

20 

7 

0-64 

•87 

2-5* 

73 

35 

16 

3 

127 

57 

28 

13 

2 

10-91 

•012 

2-6 

112 

39 

30 

11 

192 

58 

20 

16 

6 

1-48 

•69 

2-7 

81 

37 

32 

6 

156 

52 

24 

21 

4 

4-27 

•24 

2-9 

42 

16 

9 

3 

70 

60 

23 

13 

4 

2-54 

•47 

Total 

530 

208 

161 

48 

947 

56 

22 

17 

5 

8-88 

•031 











24*23 

•28 

M 12-3* 

118 

50 

46 

5 

219 

54 

23 

21 

2 

8-25 

•042 

12-4 

31 

5 

14 

3 

53 

58 

9 

26 

6 

4-21 

•24 

12-5 

51 

7 

8 

2 

68 

75 

10 

12 

3 

9-80 

-021 

12-7* 

92 

17 

28 

2 

139 

66 

12 

20 

1' 

10-91 

•012 

12-8 

70 

28 

15 

3 

116 

60 

24 

13 

3 

6-73 

•083 

12-9 

72 

25 

31 

5 

133 

54 

19 

23 

4 

2-90 

•41 

Total 

434 

132 

142 

20 

728 

60 

18 

20 

3 

16*13 

•0011 











42-80 

•0015 

M 14-1* 

76 

30 

11 

9 

126 

60 

24 

9 

7 

8-99 

•029 

14-3 

11 

6 

4 

1 

22 

50 

27 

18 

5 

M5 

•77 

14-4 

26 

6 

6 

2 

40 

65 

15 

15 

5 

1-24 

•75 

14-5 

119 

28 

34 

10 

191 

62 ' 

15 

18 

5 

3-34 

•35 

14-6* 

100 

25 

20 

5 

150 

67 

17 

13 

3 

7-61 

•056 

14-7* 

78 

25' 

15 

1 

119 

66 

21 

13 

1 

10-10 

•018 


Total 410 ll?0 90 28 648 63 19 14 


4 17-73 -00061 

32-43 -029 
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TABLE XIV {continued). 


Numbers of seeds Percentages 



YR 

YW 

GR 

GW 

Total 

Y^ 

YW 

GR 

— ^ 
GW 


P 

ilf 22-1 

37 

12 

15 

3 

67 

55 

18 

22 

4 

•84 

•83 

22-3 

48 

18 

24 

1 

91 

53 

20 

26 

1 

6-91 

•075 

, 22-7 

82 

26 

27 

5 

140 

59 

19 

19 

4 

1-76 

•63 

22-10* 

57 

33 

21 

4 

115 

50 

29 

18 

3 

8-38 

•040 

Total 

224 

89 

87 

13 

413 

54 

22 

21 

3 

9-58 

•023 











17-89 

•12 

iff 24-2 

68 

24 

20 

6 

118 

58 

20 

17 

5 

0-66 

•13 

24-3* 

128 

80 

50 

10 

268 

48 

30 

19 

4 

23-76 

•000029 

24-8 

45 

14 

14 

3 

76 

59 

18 

18 

4 

0-77 

.'•85,' 

24-10 

158 

61 

69 

14 

30^ 

52 

20 

23 

5 

5-16 

•16 

Total 

399 

179 

153 

33 

764 

52 

23 

20 

4 

16-34 

•00099 











30-35 

•0027 

iff 26-2 

31 

15 

17 

2 

65 

48 

23 

26 

3 

4-44 

•22 ' , , " 

26-5* 

80 

35 

15 

6 

136 

59 

26 

11 

4 

8-76 

•033 

26-6 

93 

34 

22 

5 

154 

60 

22 

14 

3 

5-22 

•16 

26-7 

60 

19 

25 

6 

110 

55 

17 

23 

5 

1-24 

•53 

26-8* 

62 

36 

26 

5 

129 

48 

28 

20 

4 

8-62 

•036 

26-9* 

85 

15 

17 

4 

121 

70 

12 

14 

3 

9-94 

•019 

Total 

411 

154 

122 

28 

715 

57 

: 22 

17 

4 

10-47 

•015 


38-22 -0084 


the record number on the left. On the right are given the values of 
and of P for each plant. At the foot of the table for each family is given 
the total of the seeds for that family, and the percentages, and on the 
right the values of and of P f©r this total. Immediately underneath 
these figures are given (1) the sum of the values of for the individual 
plants of the family, and (2) the value of P found by taking n* as 1 more 
than three times the number of plants in the family. This value of P 
is the probability of obtaining on random sampling a collection of 
as improbable as or more improbable than that observed. Both these 
tests seem necessary, for a family may diverge from expectation in two 
ways: (a) no one plant may diverge very largely from Mendelian ex- 
pectation, but all the plants may diverge in the same direction, which 
will make the first value of P low, but the second possibly quite high; 
(6) the several plants may diverge considerably from Mendelian expecta- 
tion, but in diSerent directions, so that in the total for the family these 
divergences average out, which will make the first value of P possibly 
high, but the second low. A family must be taken as improbable for 
which either value of P is low. 

It will be seen from Table XIV that the 22 marked plants fell into 
16 families. Of these families not all would be judged to be improbable 
divergences from Mendelian expectation when considered as a whole. 
Taking P = *046, as before, as our moderate limit, only 10 of the 16 
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families show either Pi (from the total seeds in the family) or Pg (from 
the sum of the x^’s) less than this value, but some of them, notably 
M 12, M 14 and M 24, are highly improbable aggregates. In these three 
families P^ is in each case less than so that a certain tendency to 
similarity amongst the plants of the family is indicated, but this is by 
no means true of all the families: in eight of the 16 families Pi is greater 
than Pg and in eight it is less. 

Considering the improbability of a marked plant, ’’ the occurrence 
of two or three marked plants in one family is a striking feature. In 
Crop M there were 11 marked plants’’ out of a total of 134 plants in 
31 families, the numbers of dihybrid ^plants in these families being as 

follows: Bikybrids Number 

in family of families 


1 

2 

3 

4 

5 

6 
7 


1 

3 
5 
9 

4 
7 
2 

Total 31 


With these data, taking the chance of occurrence of a marked plant 
in this crop as 11/134 or 0-082, we may calculate the expected numbers 
of families with 1, 2, 3, ... marked plants if the distribution of ^'marking” 
were random, assuming that the probabilities of 1, 2, 3, ... markings in 
a family oin will be given by the terms of (-918 + •082)’^. The results of 
the calculation were as follows : 

Number of families 


Number of ,, ^ 

marked plants Calculated Actual 

0 21-61 25 

1 7*94 3 

2 1-31 1 

3 *12 2 

Over " *02 — 


Total 31*00 31 


If distribution of marking were random we should therefore have 
eight families with one /'marked plant,” whereas we only find three, 
and we would not expect a single family with three "marked plants,” 
whereas we find two. The result suggests that, whatever the nature of 
these exceptional plants may be, the exceptional character is determined 
by something common to the family and probably heritable. 

Much time was spent on an examination of the data of Table XIV to 
see whether any grouping round particular ratios other than the Mendelian 
proportions would suggest itself, but nothing resulted. In view of the 
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warnings already given, to obtain any certain result would clearly be 
difficult. '‘Marking” occurs rather more often with an excess than with 
a deficiency of YR’s, and at first two contrasted types suggested them- 
selves as occurring rather frequently, characterised by an excess of YR’s 
combined witfi an excess of either YW's or GR’s. The following will serve 
as examples: Percentages of seeds 


Plant 

YR 

YW 

GR 

GW 

K 9*9 

.59 

23 

13 

5 

M 2*5 

57 

28 

13 

2 

M 14-1 

60 

24 

9 

7 

M 14-7 

66 

21 

13 

1 

J 2-10 

61 

- 11 

23 

5 

J 26-5 

67 

9 

19 

4 

K 10-4 

65 

12 

19 

4 

M 12-7 

66 

12 

20 ■ 

1 


The above are all “marked plants,” but some of the unmarked plants 
— ^plants with too few seeds to make their exceptional proportions highly 
improbable — seem to fall into one or other otthe two groups fairly closely, 
the first group characterised by about 84 yellows to 16 greens, the second 
by about 84 rounds to 16 wrinkleds, the other ratio in each case being 
nearly normal. A long and tedious examination of the whole mass of 
available data made me doubt however whether such proportions did 
really represent definite genetic types; I failed to convince myself, for 
example, that a high percentage of YR’s was at all exceptionally associated 
with very unequal proportions of YW’s and GR’s. 

But the conclusion that the incidence of the" marking” on particular 
families suggests something heritable renders an examination of the 
offspring of “ marked plants” desirable. Unfortunately such an examina- 
tion almost breaks down at the outset. To begin with, 11 of the 22 
‘ ‘ marked plants ” occur in Crop M, and owing to the failure of the following 
crops and the cessation of the experiment no offspring of any of the plants 
of that generation are available. Secondly, owing to the method of con- 
ducting the experiment, ten yellow-round seeds being sown from each of 
some 30 or 40 dihybrid plants only out of about 130, the majority of di- 
hybrid plants in each generation leave no progeny, and those that do leave 
some leave so few that it is difficult to base any judgment on the data. 

On searching the records it was found that seeds were sown from three 
only of the 11 marked plants in generations G to L, viz. H 39*1, J 25*5 
and if 19*3. All the descendants of these three plants are shown in 
Table XV (a), (b) and (c). The -^percentage distribution of the seeds of 
the parent plant is given as a reminder at the head of each section of the 
table; particulars of the actual numbers of seeds of the parent will be 
found in Table XIV. 
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jff 39*1 was a plant with a small excess of YK'S and a considerable 
excess of YW’s — an excess in fact of both types of yellow; yellows to 
greens are in the proportions 83 : 17, rounds to wrinkleds in the pro- 
portions 72 : 28. As will be seen from Table XIV (a), another of the 

TABLE XV. 

Showing the recorded descendants of certain ^'marked plants, having a 
rough value of {calculated from the percentages) of S or over. 

(A) Descendants of H 39-1 (57 ; 26 : 15 ; 2) 


Numbers of seeds Percentages 


Record 

YR 


K 



^ — 





number 

YW 

OR 

ow 

Total 

YR 

YW 

GR 

GW 




J 

*29 from H 39*1 





29-2 

45, 

13 

14 

3 

75 

60 

17 

19 

4 

29-4* 

133 

78 

54 

20 

285 

47 

27 

19 

, 7 

29-5 

161 

47 

— 

• — 

208 

77 

23 

— 


29'3 

77 

_ .. 

31 

— , 

108 

71 

_ ■ , 

29 

■ — ' . 

29-6 

160 

. — 

47-' 

— 

207 

77 

■' — 

23 

— . 

29-7 

58 

— 

14 

. __ 

72 

81 


19 

— 

29*1 

52 

— , 

— 

— 

52 

100 

— 

' _ ■ ' 

. , 

29-8 

62 


— 

— 

62 

100 

~ 

— 

— ■ 




K 24 from J 29-2 





24-2 

41 

11 

14 

4 

70 

59 

16 

20 

6 

24*3 

39 

16 

18 

2 

75 

52 

21 

24 

3 

24-4 

103 

31 

24 

6 

164 

63 

19 

15 

4 

24*5 

105 

43 

42 

16 

206 

51 

21 

20 

8 

24-8 

50 

18 

19 

10 

97 

52 

19 

20 

10 

24-9 

125 

32 

41 

13 

21i 

59 

15 

19 

6 

24*10 

84 

29 

34 

9 

156 

54 

19 

22 

6 

24*1 

75 

— 

23 

■ — 

98 

77 

— 

23 


24*6 

23 

_ 

9 

— 

32 

72 

— 

28 


24*7 

64 

— 

— 

— 

64 

100 

— 

— 

— 




U 10 from JT 24*3 





10*6 

59 

10 

20 

6 

95 

62 

11 

21 

6 

10*1 

52 

16 

— 

— 

68 

76 

24. 

— 

, . 

10*5 

44 

14 



58 

76 

24 


— - ■ 

10*8 

31 

19 


.. '■ 

50 

62 

38 

— ' 


10*10 

54 

20 

, 

— - 

74 

73 

27 

— - 



10*3 

6 

" ■ ■ 

6 

■ — ' 

12 

50 

— ■; 

50 

■ 

10*4 

61 


33 

■ — . ■ ■ 

94 

65 

,, 

35 

■ ■ 

10*7 

37 


13 

.. . 

50 

74 

— _■ 

26 


10*2 

70 




70 

100 

, . — , 


' 

10*9 

36 

'■ 

— 

— 

36 

100 

■ ... 

— 

— 




M% from L 10*6 





*8*3 

85 

31 

35 

13 

164 

52 

19 

21 

8 

8*4 

22 

12 

6 

5 

45 

49 

27 

13 

11 

8*5 

83 

36 

30 

8 

157 

53 

23 

19 

5 

8-10 

61 

28 

25 

7 

121 

50 

23 

21 

6 

8*2 

53 

14 

, 


n 

79 

21 





8*9 

73 

29 



102 

72 

28 




8*6 

59 


22 


81 

73 



27 



8*1 

91 




91 

100 



■■ 

8*7 

88 




88 

100 



' 

8*8 

99 



■ 

99 

100 


— 

' — " 
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TABLE XV (con^mwec?) 

(B) i: 28 from J 25-5 (67 ; 9 : 19 : 4} 


Numbers of seeds Percentages 


Record 

— 


A 


^ 

^ — 

A>_ 


— ^ 

number 

YR 

YW 

op. 

GW 

Total 

YR 

YW 

GR 

GW 

28*3 

20 

3 

5 

1 

29 

69 

10 

17 

3 

28-10 

175 

52 

60 

21 

308 

57 

17 

19 

7 

28-1 

52 

17 

— 

— 

69 

75 

25 

— 

— , 

28-6 

23 

4 

— 

— 

27 

85 

15 

— 

— 

28-7 

106 

37 



— 

143 

74 

26 

— 

— 

28-4 

14 

— 

10 

— 

24 

58 

— 

42 

— 

28-5 

51 

— 

18 

— 

69 

74 

— 

26 

— 

28-8 

37 

— 

8 

— 

45 

82 

— 

18 

— 

28-9 

94 

— 

— 

— 

94 

100 

— 

— 





L 

6»from K 28-3 





6-6 

9 

5 

2 

1 

17 

53 

29 

12 

6 

6-6 

60 

26 

21 

10 

117 

51 

22 

18 

9 

6-8 

65 

22 

17 

3 

107 

61 

21 

16 

3 

6-9 

78 

26 

18 

10 

132 

59 

20 

14 

8 

6-10 

14 

4 

7 

— 

25 

56 

16 

28 

— 

6-2 

71 

17 

— 

— 

88 

81 

19 

— . 



6-4 

13 

2 

— 

— 

15 

87 

13 

— 

— 

6-7 

51 

17 

— 

— 

68 

75 

25 

— 


6-1 

56 

— 

21 

— 

77 

73 

— 

27 

. — 

6-3 

21 

__ 



21 

100 

— 

— 

— 




M 12 from Z 6-6 





12-3* 

118 

50 

46 

5 

219 

54 

23 

21 

2 

12-4 

31 

5 

14 

3 

53 

58 

9 

26 

6 

12-5 

51 

7 

8 

2 

68 

75 

10 

12 

3 

12-7* 

92 

17 

28 

2 

139 

66 

12 

20 

1 

12-8 

70 

28 

15 

3 

116 

60 

24 

13 

3 

12-9 

72 

25 

31 

5 

133 

54 

19 

23 

4 

12-1 

63 

16 

— . 

— . 

79 

80 

20 




12-2 

16 

10 




26 

62 

38 


'■ — 

12-6 

136 

59 

■■ 


195 

70 

30 


■■ 

12-10 

63 

— 

18 

— 

81 

78 

— 

22 




(0) L 14 from K 19-3 (50 : 22 : 

17: 11) 





Numbers of seeds 



Percentages 









A .. 



vw wv/JL VL 

number 

YR~ 

YW 

GR 

GW 

Total 

yr' 

YW 

GR 

"^W 

14*1 

19 

12 

7 

2 

40 

47 

30 

18 

5 

14-6 

72 

22 

24 

5 

123 

59 

18 

20 

4 

14-8 

50 

14 

9 

5 

78 

64 

18 

12 

6 

14*9 

57 

13 

11 

1 

82 

70 

16 

13 

1 

14-2 

36 

12 

— . 

— 

48 

75 

25 

— 

— 

14-10 

48 

19 

- — 

— 

67 

72 

28 

" — 

— 

14*3 

13 


4 

- — 

17 

76 

' — ■ 

24 


14-4 

25 


10 


35 

71 

— 

29 

— ■' 

14-5 

57 


14 

— 

71 

80 

, ^ __ 

20 

— 

14-7 

22 



~ 

22 

100 

'' ” 

— ■ 





M 4 from L 14-1 





4-5 

64 

23 

26 

3 

116 

55 

20 

22 

3 

4-6 

28 

7 

11 

1 

47 

60 

15 

23 

2; 

4-9 

74 

27 

18 

6 

125 

59 

22 

14 

Z, 

4-3 

33 

11 



44 

75 

25 

.. 


4-4 

57 

' ( : 

12 


69 

83 

, — '' , 

17 


4-7 

54 


9 


63 

86 


14 

■. __ ■ 

4-8 

81 


30 


111 

73 


27 


4-1 

59 




59 

100 

' — 

— . 


4-2 

76 




76 

100 






G-. Udny Yule 


303 


marked plants, J 29*4, occurred in the immediately following generation, 
but this plant showed a heavy deficiency of YE’s accompanying the 
excess of YW’s; the proportion of yellows to greens is 74 : 26, or almost 
in accordance with Mendelian expectation, but the proportion of rounds 
to wrinkleds is 66 : 34. Of the seven dihybrid plants in the next genera- 
tion, Z 244 suggests a resemblance to the original ancestor, the pro- 
portion of yellows to greens being 82 : 19 and of rounds to wrinkleds 
78: 23. The other plants are not very abnormal. Crop i gave only one 
dihybrid with no more than 95 seeds, yellows to greens being 73 : 27, 
and rounds to wrinkleds 83 : 17. In M 8 all the dihybrids show a deficiency 
of YE's and M 84 is very reminiscent o? J 29*4; yellows to greens are 
76 : 24 and rounds to wrinkleds 62 : 38. So far as it goes — and it does 
not go very far in view of the small numbers of seeds on many of the 
plants — ^this suggests that in the progeny of a “marked plant ’’ we must 
not look only for a tendency to resemble the proportions given by that 
plant, but to a brealdng up into plants with other abnormal ratios ; we 
have in this pedigree two quite different abnormal proportions, JT 39*1 
and J 29*4, a possible reciprocal of the H 39*1 type in which the pro- 
portions of yellows to greens and rounds to wrinkleds are interchanged, 
and normal ratios, or ratios concerning which we would hardly be 
suspicious. 

The other pedigrees, it seems to me, give something of the same sort 
of picture. J 25*6 shows a marked excess of YE’s and a slight excess of 
GE’s; yellows to greens are 76 : 23, rounds to wrinkleds 86 : 13. In the 
following generation there are only two dihybrid plants, one of which 
has only 29 seeds. So far as it goes the distribution of seeds on this plant 
is more like that of the parent than the Mendelian distribution, but one 
can hardly lay much stress on the likeness in view of the small number 
of seeds; from Mendelian expectation would work out at about 2*29, 
from the distribution of the parent plant at about 0*16. The second 
dihybrid, a big plant with over 300 seeds, gave a distribution very close 
to 9 : 3:3 : 1 expectation. In L 6 all the divergences are well within 
the limits of fiuctuations of sampling. In M 12 there are two marked 
plants again, one of which, If 12*7, rather resembles the ancestor J 25*5, 
showing yellows to greens 78 : 21, rounds to wrinkleds 86 : 13, the other 
being quite different and giving both yellows to greens and rounds to 
wrinkleds near 3 : 1, but YE’s and GW’s in defect. It is one of the few 
marked distributions suggestive of coupling or repulsion. 

Finally, turning to Table XIV (o), we have the descendants of a plant 
one of the principal characteristics of which is a marked excess, instead 
of the usual deficiency, of GW seeds, YE seeds being in defect; yellows 

Journ. of Gen. xni 20 
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are to greens in the proportion 72 : 28, rounds to wrinkleds in the pro- 
portion 67 : 33. The progeny in L 14 are a poor lot with few seeds per 
plant. So far as they go Z 14*1 most nearly resembles the parent, though 
it has no excess of GW seeds, yellows to greens being 77 : 23 and rounds 
to wrinkleds 65 : 35. The other three plants all show an excess of both 
yellows and rounds. The three dihybrids of M 4 are again almost feature- 
less; no one of them suggests the ancestral type of distribution, nor 
anything abnormal beyond the deficiency of GW seeds; the ancestral 
csGcm of GW seeds does not reappear. 

I have given in the table the monohybrid as well as the dihybrid 
plants descended from each"'' marked plant, ’’ but the monohybrids 
hardly suggest anything abnormal. Nor are the numbers of the difierent 
types of plant (dihybrids, monohybrids for shape and for colour, and 
pure dominants) sufficiently large for one to be able to lay much stress 
on their divergences. 

Having regard to the small amount of evidence available respecting 
the progeny of "marked plants,” it occurred to me that some further 
evidence as to the heritability or otherwise of a tendency to throw plants 
with abnormal ratios might be obtained by separating the records for 
difierent lines of descent. It is true that, as suggested by our examination 
of Table XV, plants in an "abnormal line” (if there is such a thing) 
may be thrown with difierent abnormal ratios that may more or less 
compensate in the total, but on the other hand, they may not compensate 
and the investigation seemed at least worth while. The ascendants of 
each family in Crop M were therefore traced through the sowing record 
and data so obtained for 29 separate lines of descent; two lines were 
omitted owing to errors in the sowing record, which rendered it impossible 
to carry the data for them back to Crop G, and their partial inclusion 
was hardly thought worth while. The lines have been denoted by the 
number of the final family in Crop M, but it will be understood that each 
line is the aggregate of descendants of one plant in Crop Z. Owing to 
a breach in the records it is not possible to carry back the genealogy of 
each line to the beginning, but the following sets of lines have each a 
common ancestor: 

3 and 4 with a common ancestor in (7. 

12 and 14 with a common ancestor in (7. 

17 and 18 with a common ancestor in (7. 

13, 15 and 16; 16 and 16 ^having a common ancestor in F and 13 a 
common ancestor with the others in C. 

Table XVI gives the data for the seeds of the dihybrid plants in the 
29 lines. The numbers of the seeds in each line are given first, then these 
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numbers reduced to proportions per 10,000 of the total in the line, and 
finaly in the columns on the right two values of P. The first gives the 
prohability of obtaining an equal or worse fit to Mendelian expectation 
on random sampling from a Mendelian population, and is obtained 
straightforwardly by working out from the Mendelian expectation 
and entering the tables with n' as 4. The second gives the probability 
of obtaining a worse fit than that shown to the average distribu- 

tion given by the total of the seeds at the foot of the table, and is obtained 
by working out x^ for a two-row table consisting of the given line and 
the aggregate of the remaining lines, and entering the tables with 4 
again. Table XVII gives data in the sanle form for the number of plants 
of each type: dihybrids, P, hybrids for shape, (7, hybrids for colour, 
and P, pure dominants. 

Inspection of these tables will at once suggest that the 29 lines cannot 
be regarded as random selections either from a Mendelian population 
or from a population with the average constitution of the group. Taking 
Table XVI and the first column for P, it will be seen that seeds in the 
proportions occurring in line 14 would only be expected on random 
sampling some three times in 10,000 trials; in line 1 about twice in 1000 
trials ; in line 24 about five times in 1000 trials. No one of these lines can 
well be regarded as a random deviation from Mendelian proportions. 
At the same time it is a striking fact that a number of the lines give 
quite good fits to Mendelian expectation, notably lines 28, 20 and 21. 
Taking the second column for P, giving the probability of divergence 
from the average distribution, neither line 14 nor line 1 can well be 
regarded as a random divergence from the average. Much the same sort 
of thing will be noted in the following table for the different types of 
plant, but the values of P in the two tables do not run very closely 
together. Line 28, for example, gives an extraordinarily close fit to 
Mendelian expectation for seeds, but a poor fit for the different types of 
plant. Line 14, which gives such an impossible fit to Mendelian expecta- 
tion for seeds, gives quite a fair fit for the different types of plant. 

To bring the two pieces of information together and enable a better 
judgment to be formed respecting each line on the basis of both seeds and 
plants, I have given in Table XVIII the values of P for seeds and plants 
jointly; the values of x^ for s^eds and for plants respectively, in the same 
line, are added together and the tables entered with n' = 7. This table 
gives, but more clearly, the same impression as before. The first column 
shows definitely that some lines are not Mendelian in their proportions 
of seeds and plants, but others very well may be. The second column 
shows that the odds aj^e over 200 to 1 against line 14 being a random 
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deviation from tlie average, and nearly 100 to 1 against line 1; moreover, 
wMle we should only expect a single line, with random sampling, to give 
a value of P less than 1/29 or 0*0346, there are actually four such lines. 

Table XIX summarises the matter further, the numbers of values 
of P between the limits 0 and 5/29, 5/29 and 10/29, and so on up to 25/29 
to 1 being counted up in each of the Tables XVI, XVII and XVIII 
(using values of P calculated to more digits than those given). On 
random sampling the values of P should be uniformly distributed 
between 0 and 1, and consequently we should expect five values in each 
of the groups up to the last, where there should be four. The observed 
distributions are very differenf; there is always an excessive number 
of low values of P — 9 to M against the expected 6 — and if the two highest 
groups are taken together there is always a deficiency of high values— 
4 to 7 against the expected 9. Testing these distributions against 
expectation by the method, we find for the firvSt three distributions 
low, but not at all impossible, values for P, but for both the last two very 
low values, A further test may be applied by a method which is, so far 
as I know, novel but appears to me useful and legitimate. If we had to 
deal with a case of pure random sampling the values of P should be 
uniformly scattered over the range 0 to 1, and the mean value of P should 
therefore be 0*5, its standard deviation a/ 1/12 or 0*2887. The standard 
error of the mean of P in samples of 29 is consequently 0-2887/V29 or 


0*0536, Taking the average values of P in 
results as follows : 

Difference 

the difierent cases^, we find 

Chance of 

Difference greater difference 

Case 

Mean of P 

from 0^5 

over s.e. 

in defect 

Seeds from Mendelian 

•3555 

•1445 

2*69 

•0036 

Seeds from average 

•3746 

•1254 

2-34 

•0096 

Plants from Mendelian 

•3764 

•1236 

2-31 

•010 

Plants from average 
Seeds and plants : 

•4260 

•0740 

1-40 

-081 

Prom Mendelian 

•3206 

•1794 

3-35 

•00040 

Prom average 

•3598 

•1402 

2-62 

•0044 


The figures are quite confirmatory of the previous conclusion. Oon- 
sidering seeds and plants together, the average value of P is less than 0*6 
by 3*35 times its standard error when we consider the deviations from 
Mendelian expectation, and 2*62 times its standard error when we con- 
sider deviations from the average distributions. I think it may be 
concluded with certainty that, considered as a whole, these lines are not 
only non-Mendelian in their behaviour, but they do not form a homo- 
geneous group. 

1 As above, these averages were determined on values carried to more significant figures 
than those given. 
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If the group is not homogeneous, the question naturally arises whether 
it can be sorted into homogeneous sub-groups. In particular, can any 
number of lines be picked out which may be regarded as normal Men- 
dehan lines both as regards the proportions of seeds and of different types 
of plant? 

I have made such an attempt at sorting, based partly on the values 
of P given in Tables XVI to XVIII, and partly on values of reduced 
to a constant number of observations, so as to give a test of absolute fit 
(instead of fit in terms of the chances of sampling) to Mendelian expecta- 
tion or to the average distribution as the case might be. In this way I 

■» 

TABLE XVL 

Showing the numbers and ^proportions fer 10,000 of seeds on A plants {dihybrids) 
in each of 29 lines ^ each line including only descendants of a single plant in 
but denoted by the number of the final family in M. On the right are given the 
probabilities of occurrence of the observed divergence on random sampling {b) from 
a Mendelian distribution, if) from the distribution given by the totality of the seeds 
in these lines, 

P ' 


Line: 

ascend" 


Numbers of seeds 


Proportions per 10,000 MendeUan 

From 

average 

distri- 










ants of M YE 

YW 

QR 

GW 

Total 

YE 

YW 

GE 

GW tation 

bution 

1 

976 

371 

294 

84 

1725 

6657 

2151 

1704 

487 -0019 

*0093 

3 

1256 

446 

432 

118 

2252 

5577 

1980 

1918 

524 -IS 

'38 

4 

1285 

461 

454 

162 

2362 

5^40 

1952 

1922 

686 -28 

'062 

5' 

469 

177 

170 

48 

864 

5428 

2049 

1968 

556 -39 

•47 

6 

969 

350 

300 

107 

1726 

5614 

2028 

1738 

620 *28 

'30 

7 

1424 

435 

431 

125 

2415 

5896 

1801 

1785 

518 -025 

•10 

8 

1324 

500 

475 

154 

2453 

5397 

2038 

1936 

628 -10 

'057 

9 

1186 

419 

421 

147 

2173 

5458 

1928 

1937 

676 *43 

‘15 

11 

1674 

566 

558 

209 

3007 

5567 

1882 

1856 

695-46 

•067 

12 

1249 

373 

381 

108 

2111 

5917 

1767 

1805 

512 -025 

'084 

13 

894 

289 

314 

82 

1579 

5662 

1830 

1989 

519 '25 

•42 

14 

801 

230 

194 

71 

1296 

6181 

■1775' 

1497 

548 -00029 

•00068 

15 

1398 

504 

453 

152 

2607 

5576 

2010 

1807 

606 '35 

'40 

16 

1389 

460 

456 

136 

2441 

5690 

1884 

1868 

557-57 

•93 

17 

1345 

440 

421 

145 

2351 

5721 

1872 

1791 

617 *73 

'72 

18 

1086 

371 

341 

107 

1905 

5701 

1948 

1790 

562 -45 

-78 

19 

926 

294 

321 

97 

1638 

5653 

1795 

1960 

592 -69 

•64 

20 

1194 

387 

395 

130 

2106 

5670 

1838 

1876 

617 -95 

•85' 

21 

844 

272 

271 

90 

1477 

5714 

1842 

1835 

609 -90 

'90 

22. 

1380 

445 

445 

125 

2395 

5762 

1858 

1858 

522 '18 

'53 

23 

1084 

357 

394 

119 

1954 

5548 

1827 

2016 

609 -46 

•31 

24 

2272 

811 

750 

205 

4038 

5627 

2008 

1857 

508 *0052 

•059 

25 

1656 

558 

550 

160 

2924 

5663 

1908 

1881 

547 '38 

•84 

26 

1020 

347 

336 

82 

1785 

5714 

1944 

1882 

459 '037 

*16 

27 

1893 

561 

639 

203 

3296 

5743 

1702 

1939 

616 '079 

•034 

28 

2313 

762 

777 

257 

4109 

5629 

1854 

1891 

625 '97 

'60 

29 

343 

98 

116 

29 

586 

5853 

1672 

1980 

495 '29 

'38 

30 

1199 

396 

374 

145 

2114 

5672 

1873 

1769 

686 -46 

•17 

31 

1334 

412 

448 

135 

2329 

5728 

1769 

1924 

580 -41 

'46 

Total 

36183 

12092 

11911 

3732 

63918 

5661 

1892 

1863 

584 -00016 
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first picked out 16 lines wkicli I ttouglit miglit be regarded as normal 
Mendelian lines ; obviously, let me say at once, any such selection is bound 
to be more or less arbitrary and two different observers or the same 
observer at two different times might not make quite the same selection. 
This first selection left me with 13 lines which I judged to be non- 
Mendelian in their behaviour, but which still did not appear to be 
homogeneous. A suggestion for further sub-division was given by noting 
that lines 1 and 3 appeared to be more or less alike, and also lines 14 
and 29. Taking these two pairs of lines as a guide, the 13 non-Mendelian 

TABLE XVIL 

T able showing the numbers and proportions of plants of each type in the lines of 
Table XVI: A, dihybrid plants; B, hybrids for shape ; C, hybrids for colour; 
D, pure dominants. The Mendelian expectation is 4 : 2 : 2 : 1 or in parts per 
10000, 4445 : 2222 : 2222 : 1111. The probabilities P on the right are the pro- 
babilities of the observed divergence on random sampling, {b) from a Mendelian 
population, (b) from a population with the average observed distribution. 

P 


Line: 

Numbers of each type 


Pereentaffes 


From 

From 

ascend- 


of plant 



(per 10,000 at foot) 

Mendelian 

average 

ants 








A 


expecta- 

distribu- 










oiM 

A 

JB 

C 

D 

Total 

A 

JB 

c 

D 

tion 

tion 

1 

24 

9 

8 

12 

53 

45 

17 

15 

23 

•042 

•17 

3 

25 

9 

7 

14 

55 

45 

16 

13 

25 

•0039 

•032 

4 

22 

8 

14 

12 

56 • 

39 

14 

25 

21 

•058 

•29 

6 

18 

11 

12 

6 

47 

38 

23 

26 

13 

•84 

•92 

6 

18 

13 

16 

7 

54 

33 

24 

30 

13 

•38 

•54 

7 

24 

12 

12 

8 

56 

43 

21 

21 

14 

•89 

•98 

8 

23 

9 

11 

12 

55 

42 

16 

20 

22 

•082 

•34 

9 

19 

13 

12 

12 

56 

34 

23 

23 

21 

•077 

-35 

11 

24 

12 

15 

4 

55 

44 

22 

27 

7 

•72 

•50 

12 

22 

19 

12 

4' 

57 

39 

33 

21 

7 

•19 

•095 

13 

20 

10 

13 

12 

55 

36 

18 

24 

22 

•074 

•37 

14 

17 

13 

13 

8 

51 

33 

25 

25 

16 

•42 

•67 

15 

20 

9 

12 

7 

48 

42 

19 

25 

15 

•71 

•96 

16 

27 

8 

16 

5 

56 

48 

14 

29 

9 

•39 

•29 

17 

23 

11 

12 

4 

50 

46 

22 

24 

8 

•89 

•66 

18 

20 

19 

10 

8 

57 

35 

33 

18 

14 

•16 

•14 

19 

22 

8 

16 

8 

54 

41 

15 

30 

15 

•33 

-54 

20 

29 

13 

11 

3 

56 

52 

23 

20 

5 

•48 

•18 

21 

19 

12 

14 

12 

57 

33 

21 

25 

21 

•076 

•37 

22 

23 

14 

9 

8 

54 

43 

26 

17 

15 

•62 

•66 

23 

22 

14 

14 

7 

57 

39 

25 

25 

12 

•85 

•87 

24 

31 

9 

10 

7 

57 

54 

16 

18 

12 

•39 

•26 

25 

24 

12 

16 

7 

59 

41 

20 

27 

12 

•82 

•87 

26 

21 

16 

7 

10 

54 

39 

30 

13 

19 

•093 

•15 

27 

31 

8 

11 

5 

55 

56 

15 

20 

9 

•32 

*15 

28 

34 

7 

17 

2 

60 . 

57 

12 

28 

3 

•026 

•0079 

29 

9 

14 

16 

8 

47 

19 

30 

34 

17 

•0058 

•016 

30 

21 

10 

15 

7 

53 

40 

1'9 

28 

13 

*65 

•82 

31 

27 

14 

14 

2 

57 

47 

25 

25 

4 

•35 

•14 

Total 

659 

336 

365 

221 

1581 

4168 

2125 

2309 

1398 

•0014 
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TABLl XVIII. 

Showing the mines of P, or prohahilities of obtaining on random sampling a 
dwergenGe as great as or greater than that observed^ (a) /rom a Mendelian popula- 
tion^ (B) /rom a population corresponding to the averages observed^ in the lines of 
Tables XVI and XVII, when the results for seeds and for types of plant are con- 
sidered together. 

Seeds and plants together 
P from 


Line : 

Mendslian 

Average 

ascendants of M 

expectation 

distribution 

1 

*00074 ' » 

•on 

3 

•0046 

•065 

4 

•078 

•084 

5 

•70 

•81 

■ 6 

•32 

•44 

7 

•13 

•39 

8 

•04 

*090 

9 

•14 

*19 

11 

*68 

•15 

12 

•028 

•042 

13 

•086 

•42 : 

14 

•0014 

•0048 

15 

•58 

•79 

16 

•54 

•66 

17 

•93 

•81 

18 

•24 

•36 

19 

•55 

•70 

20 

•83 

•46 

21 

•29 

•72 

22 

•35 , 

*70 

23 

•76 

•64 

24 

•015 

•07 ■ 

25 

•67 

•96 

26 

•02 

•10 

27 

•10 

•029 

28 

•15 

*033 

29 

•01 

•037 

30 

•64 

•44 

31 

•40 

•23 


TABLE XIX. 



Number of lines with a value of P between the limits on the left 


Seeds and Seeds and 



Expec- 

Seeds from 
Mendelian 
expec- 
tation 

Seeds from 
average 
distri- 

Plants from 
Mendelian 
expec- 

Plants from 
average 
distri- 

plants from 
Mendelian 
expec- 
tation 

plants from 
average 
distri- 

Value of P 

tation 

bution 

tation 

bution 

bution 

0~ 5/29 

5 

9 

11 

11 

9 

14 

12 

5/29-10/29 

5 

■5 

3 

3 

5 

3 

2 

10/29-15/29 


9 

6 

6 

. 4 

2 

6 

15/29-20/29 

5 


3 

2 , 

5 

6 

2 

20/29-25/29 

5 

1 

4 

, 5 ' 

1 

3 

6 

25/29- 1 

4 

3 

2 

2 

5 

1 

1 

Value of 


11-65 

10*00 

9-80 

6*85 

22-05 

16-05 

Value of jP 


•0406 

■0762 

•0820 

•2335 

•00051 -0067 
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lines were subdivided into two groups containing respectively 7 and 6 
linesb Tbe classification was as follows: 

Group a. Approximately normal Mendelian. Lines 4, 5, 6, 7, 9, ll, 
16, 16; 17, 19, 20, 23, 27, 28, 30, 31. 

Group jS. Lines 1, 3, 8, 22, 24, 25, 26. 

Group y. Lines 12, 13, 14, 18, 21, 29. 

Group oc. This group gives totals of seeds and of plants as follows: 
as in Table XVII, A stands for dibybrid plants, 5, hybrids for shape, 
C, hybrids for colour, D, pure dominants. 


Seeds 

( ^ ^ ?! 

YR YW GR GW 


Plants 

^ ^ A 

Total A B G D 


Total 


Numbers 21082 6981 7012 2317 37392 381 171 219 99 870 

Proportions 5638 1867 1875 620 10000 438 197 252 114 1000 


The totals of seeds give an excellent fit to Mendelian expectation 
(21033 : 7011 : 7011 : 2337); works out at 041 and P at 0-92. The fit 
for the proportions of different types of plant is not so good, as the 
numbers of P and 0 plants are very unequal. Mendelian expectation is 
386*7 : 193*3 : 193*3 : 96*7 ; works out at 6*12 and P is 0*11. The fit, 
though poor, is therefore within the limits of fluctuations of sampling 
since a worse fit would be expected about once in nine trials. If the values 
of P for the individual lines are collected, it will be found that they are 
well scattered over the range 0 to 1, the averages being: 

Seeds from Mendelian expectation ... ... 0*4710 

Plants from Mendelian expectation ... ... 0*4970 

Seeds and plants from Mendelian expectation ... 0*4708 

These results seem very fair. If we had been given these 16 lines 
alone, I do not think any question would have been raised respecting 
their purely Mendelian behaviour. The only possible question would have 
been suggested by the excess of 0 plants in the majority of the lines 
(11 out of 16) and in the total. 

Group The totals of seeds and of plants in this group are : 


Seeds 

■ .... . A 

YR YW GR GW 


Plants 

^ ^ ^ A ' ■.. ■ " ' 

Total A B O D Total 


Numbers 9884 3478 3282 928 17572 171 78 68 70 387 

Proportions 5625 1979 1868 528 10000 442 202 176 181 1000 


In this group the most striking features are the deficiency of GW 
seeds, 5*28 per cent, instead of 6-25 per cent, or 928 seeds instead of 1098; 


^ I suppose it "will strike the reader that 7 : 16 : 6 is very near 1:2; l,but what meaning 
can be attached to such proportions? 
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and the excess of D plants, 18-1 per cent, instead of 11*1 per cent, or 
70 plants instead of 43. 

Admitting the group as non-Mendelian, we have still to enquire 
whether it can be regarded as homogeneous. The test was applied by 
working out the value of for each line from the average, forming a 
two-row table with the given line as one row and the total of the re- 
maining rows as the other, as before, and taking n' as 4, For seeds and 
plants together, the two separate values of were added and the tables 
entered with n' = 7. The values of P for the several lines are as follows : 


Line 

Seeds 

Plants 

Seeds and Plants 

1 

•1025 

j7463 

•2820 

3 

•9086 

•3461 

•7018 

8 

•0267 

•7395 

•1062 

22 

•3903 

•6937 

•6129 

24 

•8688 

-3357 

•6647 

25 

•7395 

•1555 

•3679 

26 

•5363 

•2667 

•4068 


Mean *5104 

•4691 

•4489 


These results seem to me very satisfactory. With only seven lines 
the standard error of the mean value of P would be 0*109, and the 
deviations from the expected mean, 0*5, are no more than *0104, *0309 
and *0511. The group can, apparently at least, be regarded as a homo- 
geneous group. 

Group y. The totals of seeds and of plants are : 

Seeds Plants 

■ : ...■■■ - A ^ . A . 

YR YW GR GW Total A 'B C D Total 

Numbers 5217 1653 1617 487 8954 107 87 78 52 324 

Proportions 5826 1824 1806 544 10000 330 269 241 160 1000 

The most marked feature in the seeds of this group is again the 
deficiency of GW’s, of which there are only 5*44 per cent, instead of 6*25 
per cent, or 487 seeds instead of 560; but there is also an excess of YE’s, 
58*26 per cent, instead of 56*25 per cent., or 5217 seeds instead of 6037. 
In the case of the plants, there is a marked deficiency of 4 plants, 33 per 
cent, instead of 44*4 per cent, or 107 plants instead of 144; and an excess 
of D plants, though not so great as in the last group, 16 per cent, instead 
of the Mendelian expectation of 11*1 per cent, or 52 plants instead of 36. 

Testing the group for homogeneity as in the case of group j8, I find 
the following values of P for the deviations from the average: 


Line 

Seeds 

Plants 

Seeds and Plants 

12 

•7120 

•1441 

•3362 

13 

•2041 

•3265 

•2291 

14 

•0097 

•9805 

•0736 

18 

•4169 

•4730 

•4944 

21 

•5976 

•5747 

•6925 

29 

•5489 

•1297 

•2522 


Mean *4149 


•4381 


*3463 
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These results are by no means so good as those for group /3. The 
chance that a worse fit to the average than that given by the seeds of 
the remarkable line 14 would arise on random sampling is less than 
1 in 100, and the average value for P when seeds and plants are con- 
sidered together is only 0*3463. As the standard error for the mean value 
of P with six lines would be 0*118, this is a deviation from 0*5 of 1*30 
times the standard error, which would only occur on random sampling 
in one trial out of ten. No value of P is so very low as absolutely to 
exclude the possibility of homogeneity, but the fit is not good. 

It may be mentioned that of the 22 ''marked plants,’’ one falls into 
an omitted line, seven fall into^group a, eight into group jS and six into 
group y. The aberrant groups contain two-thirds of the "marked plants,” 
and both families containing three" marked plants.” (j 22*1, the 
"marked plant” with less than 100 seeds mentioned in the footnote on 
p, 295, falls into line 27 in group a. 

I do not want to lay much stress on the particular grouping that I 
have effected in this way; as already stated, it is necessarily more or less 
arbitrary and different attempts would almost certainly lead to slightly 
different results. But it serves to bring out, as I think no other process 
does, two points that seem to me important. The first is that quite a 
number of the lines give figures that do not differ significantly from simple 
Mendelian expectation. It follows that the divergences from Mendelian 
expectation noted in the totals of Table VI (a), p. 273, and Table I, 
p. 264, for the seeds and plants of all the six crops together are mainly 
contributed from certain particular lines. 

Thus, in Table VI (a) the main features in the total are an excess 
of 242 YE seeds and a deficiency of 309 GW seeds. The six lines of 
group y alone contribute no less than 180 to the excess of YE’s although 
they contain only 8954 seeds out of the 73,187 of Table VI (a); roundly, 
that is, they contribute three-quarters of the excess from one-eighth of 
the seeds. Again, groups jS and y together contribute 243 to the deficiency 
of 309 GW seeds, although they contain together only 26,526 seeds; 
roundly, that is, they contribute 80 per pent, of the deficiency from 35 
per cent, of the seeds. 

Again, in Table I the main features noted in the total at the foot were 
a deficiency of 75 A plants and an excess of 54 D plants. Group y con- 
tributes 37 to the deficiency of A plants, although these six lines have 
only 324 out of the 1913 plants of Table I; that is to say, 50 per cent, of 
the deficiency is contributed by lines with only 17 per cent, of the plants. 
Groups j8 and y together contribute 43 to the excess of 64 D plants, 
although they contain only 711 plants of the 1913; that is to say, 80 per 
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cent, of the deficiency is contributed by lines with only 37 per cent, of 
the plants. This seems clearly to indicate, as already stated in Section II 
(pp. 267, 270), that the divergences from expectation in the proportions 
of plants are in some way genetic in origin. 

The second point to be noted is that it seems very difficult to relate 
the proportions of seeds to the proportions of plants in the same line 
or group. The difficulty was suggested by Tables XVI and XVII, but 
the number of plants in the single line is so small that fluctuations of 
sampling are sufficient to render any result obscure. With the groups 
the matter comes out very clearly. Groups and y differ in the pro- 
portions of their seeds, significantly indeed, for arranging the data as 
a two-row table comes to 13*19, n' is 4, and P is 0*0043 only ; but the 
difference is actually not large for the proportions are : 

YR YW GR GW 

GroupjS 5625 1979 1868 528 

„ 7 5826 1824 1806 544 

But the proportions of the different types of plant given by the YR 
seeds from dihybrid plants differ in quite a striking fashion: 

A B C D 

Group /3 442 202 176 181 

„ 7 330 269 241 160 

A genetic analysis of the ovules and pollen on exceptional plants of 
the kind might throw some light on the matter ; statistically it remains 
another puzzle. 

While the groups given, or at aU events groups a and |8, may be 
homogeneous groups of lines, it by no means follows that the individual 
lines are homogeneous. I feel almost confident that they are not. I feel 
strong doubts even whether the lines of group a, though they give such 
a close approximation to simple Mendelian expectation, are in fact 
behaving in a simple Mendelian way. Such doubts are suggested by the 
fact that of lines 3 and 4, which are known to have a common ancestor 
in Crop C (cf. p. 304), line 3 has been placed in group jS and line 4 in 
group a. Lines 12 and 14 with a common ancestor in the same crop fall 
both into group y, but lines 13, 16 and 16 which have a common ancestry 
fall, the first into group y, and the second and third into group a. the 
results suggest some sort of ^'splitting.’’ Further, an examination of 
the frequency distributions of the percentages of each type of seed on 
the individual plants within each line showed some odd results. With 
only 20 or 30 dihybrid plants to a line distributions are necessarily very 
irregular, but the distributions for the percentages of YR seeds on plants 
of lines 6 (group a) and 24 (group j8) were so striking that they caught 
the eye at once. The distributions are given, with some others of somewhat 
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similar character in Table XX. It must be remembered that these dis- 
tributions include plants of all sizes, however small the numbers of their 
seeds, and not those plants only with 100 seeds or more as in the work of 
Section IV. 

It will be seen that in line 6 not a single plant shows a percentage of 
YE seeds between 52 and 56 inclusive — a range just below the Mendelian 
mode where frequency should be almost at its densest. Similarly, line 
24 shows not a single plant with a percentage of YE seeds between 53 
and 56 inclusive. Taking the frequency distribution for the totality of 

TABLE XX. 


Showing the numbers of A. 'plants with each percentage of YR seeds in 
five lines with remarhahle distributions. 

ISriiinber of plants 


Percentage of 
YR seeds 
on the plant 




Line M 



6 

7 

8 

, 

24 

25 

Total 

38 



— 

1 

— 

1 

39 

— 

— 

— ' . 

— 

— 


40 

— 

— 

— 

— 


— 

41 

— 

— 

— 

— . 

- 



42 

— 

— 

1 



, 

1 

43 

, — ■ 

. — 

1 



— _ . 

1 

44 

1 

1 

— 

— 


2 

45 

; ' 

— . . 


— 

— 

— 

46 



", — ■, 




1 

1 

47 


, ■ ; * 

1 


. 

1 

48 


.. ^ 

: : . ■: ■ 

:2 ' 

1 

3 

49 

2 


V 

1 

' . 

4 

60 

1 


1 

3 

2 

7 ,,, 

51 

3 

■' 

2 

1 

1 

7 

52 


3 

Z 

2 

2 

10 

53 


3 

1 

■■■ - — 


4 

54 


— 

1 


— . ; 

1 

55 



1 

— 

— 

~-™ 

1 

56 

— 

— 

— 



2 

2 

57 

1 

1 

1 

2 

2 

7 

58 

3 

4 

— 

4 

2 

13 

59 

— 

1 

4 

5 



10 

60 

2 

— ' 

2 

— 

5 

9 

61 

■ 

2 


1 

2 

5 

62 

1 

■ 2 ' 

2 

' 7 

2 

14 

63 

1 

2 

2 

1 

1 

7 

64 

; ' ■ ■ 

2 


1 

1 

4 

65 

. 

1 

■■ ■ 


■ 

1 

66 

1 

1 




2 

67 

1 * 

■ : 




1 

68 







69 

' 





: 

70 







71 



■ 


■ : , . : 


72 


' ' , . - ;'V' 


, : . 



73 

1 





1 

Total 

18 

24V':::" 

23 

31 

24 

120 
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the lines; I find that the chance that a random selection of 18 plants should 
give no plant with a percentage between 52 and 56 as in line 6 is only 
•0030 or -under 1 in 300; the chance that a random selection of 31 plants 
should give no plant with a percentage between 53 and 56 as in line 24 
is only -00036 or under 1 in 2800. Lines 7, 8 and 25 seemed to show a 
somewhat similar result, with one or no observations over three intervals 
in a range close below the mode. The chance that only one observation 
should fall in the range 54 to 56 in a random selection of 24 plants as 
in line 7 is *065, The chance that only one observation should fall in the 
same range out of a random selection of 23 plants as in line 8 is *064, or 
that no observations should fall in the r?inge 55-66 *047. The chance 
that no observations should fall in the range 53 to 55 out of a random 
selection of 24 plants as in hne 26 is *018. Lines 7, 8 and 26 do not 
therefore give nearly such improbable results as lines 6 and 24, but they 
do give an unlikely divergence and show a curious similarity with the 
latter. Further, line 24 shows an odd peak at 62 per cent, which is 
emphasised in the aggregate of these five distributions. When working 
on the borders, or well within the limits, of fluctuations of sampling, it 
is very difficult to avoid picking up from a first inspection ideas as to 
exceptions or regularities which on further work prove to be apparently 
baseless, but so far as they go the distributions of these lines are again 
suggestive of the apparent compoundedness discussed in Section IV. The 
lower peak falls at 52, or at about 50-52 ; it falls at 52 in the distribution 
of the plants with 200 seeds or more given in Tables X and XI and illus- 
trated in Fig. 7, and was tentatively placed at 51*6 in the dissection of 
the distribution for plants with 100 seeds or more. The peak at 58 or 
58-69 also corresponds approximately with the maximum of the upper 
component both in the plants with 200 seeds or more and in the dis- 
section of the distribution for plants with 100 seeds or more. But neither 
of the distributions of Section IV shows a peak at 62, which appears to 
arise from the smaller plants only. The distributions for the YW, GR 
and GW seeds of the dihybrid plants on these lines are very erratic, but 
do not give so marked a suggestion of compoundedness. It will be noted 
that of these five lines, which give such abnormal looking distributions 
for the percentages of YR seeds, lines 6 and 7 were assigned to group a 
(the ''approximately normal Mendelian” group), and lines 8, 24 and 25 
to group p. Line 7 was rather abnormal in the proportions of its seeds, 
but line 6 was quite in fair agreement for Mendelian expectation both for 
seeds and for plants, yet it seems dij0S.cult to believe, with the distribution 
of Table XX in front of one, that it is really behaving in the way pre- 
dicated by the simple Mendelian mechanism. 
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Finally, we may ask a question respecting these dikybrid plants 
wkich has not yet been dealt with. If we take out the percentages of 
round seeds, or yellow seeds— that is to say, of the single characters 
instead of the combinations — do these also suggest heterogeneity? 

The data for the several lines are given in Table XXI, the proportions 
of rounds and of yellows per 10,000 of the total seeds in each line being 
taken by addition from Table XVI, a process which, it may be noted, 
may render the last digit inaccurate to a unit. After each proportion 
are given the two measures for the probability of occurrence on random 
sampHng, Pj and Pg. Pi is the probability of the observed deviation 
from Mendelian expectation (f 500), or a greater deviation of either sign, 
occurring on random sampling, and is obtained by taking the ratio of 
the observed deviation to the standard error (based on the Mendelian 
proportions *75, *25) and turning up the answer in the table of areas of 
the normal curve. As the chances are not equal, variation is not strictly 
normal, but with the numbers of observations here available the approxi- 
mation must be close. Pg was calculated by a method that renders it 
comparable with the second P of the preceding tables. If jp, q are the 
proportions of the character in the total seeds of all the lines together, 
e.g. 0*7624, 0*2476 for the round seeds of Table XXI, the standard error 
of the difference between the proportions of rounds in any line and the 
aggregate of the other lines is 

IOOOOVWa/ - + 

where % is the number of seeds in the line and the number in the 
aggregate of the remaining lines. The difference is taken between the 
proportion of seeds in the given line and the proportion in the aggregate 
of the remaining lines, this is divided by the above standard error, and 
the ratio is turned up in the tables of areas of the normal curve as before. 

Considering the round seeds first, we see that the mean proportion 
is 7524 per 10,000, a deviation of 24 from Mendelian expectation; the 
standard error is 17*1, or the ratio of deviation to standard error 1*40. 
The chance of such a deviation, of either sign, occurring on random 
sampling is 0*16, or about 1 in 6. The average is hardly suggestive of 
anything abnormal. But the mean of P^ works out at only 0*3758, 
whereas on random sampling it should be 0*5. The standard error of the 
mean of P, as before, is 0*0536, and the ratio of 0*5-0*3758 to the standard 
error is 2*32, so that the probability of such a deviation in defect is only 
0*01. The result is not so striking as the similar figures given above for 
the combinations of characters, but we feel almost bound to regard it 
as significant. Again, the mean value of is only 0*3825, a deviation 
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of |o*1176 from expectation or 2-19 times the standard error; the pro- 
baH^ility of such a deviation in defect occurring on random sampling is 
only^'Oll—say, about 1 in 70. While not rendering the result absolutely 
certain, these figures are at least fairly strong evidence that even as 
regards the distribution of the single pair of characters, roundness and . 
wrinkledness, the separate lines of the dihybrid plants are not Mendelian 
and not a homogeneous group. The values of P will be found grouped 
by intervals of 5/29 (as in Table XtX) in Table XXIV, but this adds 
• little to the weight of the conclusion. For P^, the distribution is not very 
improbable; such a divergence from expectation might occur on almost 

TABLE XXL 

Showing for the A plants grouped hy lines the proportion per 10,000 of round seeds 
in each line, the prohahility of the ohsermd deviation from, Mendelian expecta- 
tion on random sampling and the probability P 2 of the observed deviation between 
the proportions given by each line and by the remainder; with similar information 
for the yellow seeds. The numbers of seeds will be found in Table XVI from which 
the proportions are tahen by addition. 


Line: 

Ascendants of M 

Round 
seeds per 
10,000 

A 

A 

Yellow 
seeds per 
10,000 

Px 

A 

1 

7361 

•1835 

•1118 

7808 

•0032 

•0124 

3 

7495 

•9601 

•7490 

7557^ 

•5287 

•9601 

4 

7362 

•1211 

•0615 

7392 

•2263 

•0643 

•5 

7396 

•4777 

•3789' 

7477 

•8729 

•6031 

6 

7352 

•1556 

•0930 

7642 

•1738 

•3789 

, 7 

7681 

•0404 

•0688 

7697 

•0251 

•0930 

8 

7333 

•0561 

•0251 

7435 

•4593 

•1676 

9 

7395 

•2585 

•1556 

7386 

•2187 

•0658 

11 

7423 

•3320 

•1868 

7449 

•5157 

■1738 

32 

7722 

•0183 

•0324 

7684 

•0512 

•1527 

13 

7651 

•1645 

•2380 

7492 

•9442 

•5687 

14 

7678 

•1389 . 

•1936 

7956 

•0002 

•0006 

15 

7383 

•1770 

•0949 

7586 

•3222 

:6892 

16 

7558 

•5093 

•6965 

7574 

•4009 

•8026 

17 

7512 

•8966 

•8887 

7593 

*2983 

■6384 

18 

7491 

•9283 

•7339 

7649 

•1336 

•3222 

19 

7613 

•2891 

■4009 

7448 

•6249 

•3222 

20 

7546 

•6241 

•8181 

7508 

•9283 

•6312 

21 

7549 

•6672 

•8259 

7556 

•6171 

•9761 


7620 

•1738 

•2713 

7620 

•1738 

•4354 

23 

• 7564 

•5157 

•6818 

7375 

' -2005 

•0643 

24 

7484 

•8181 

•5419 

7635 

•0477 

•2077, 

25 

7544 

•5823 

•7949 

7571 

■3735 

•8181 

26 

■ 7596 

•3472 

■4777 

7658 

•1236 

•2937 

27 

7682 

•0160 

•0316 

7445 

•4654 

•1416 

28 

7520 

•7642 

-9442 

7483 

•8026 

•2846 

29 

7833 

•0629 

•0819 

7525 

•8887 

•8729 

30 

7441 

•5287 

•3681" 

7545 

•6312 

•9362 

31 

7652 

•0910 

•1471 

7497 

•9761 

•5222 

Weighted mean 

:''':7524 



7653 

— 

— 

Unweighted mean 

7532 

•3758 

•3825 

7560 

•4148 

•4207 
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one trial in five on random sampling, but it must be noticed that it is tbe 
two classes for low values of P that are in excess, containing 16 values 
of P against tbe expectation of 10, while all the others are in defect. For 
Pg the distribution is more irregular and P for the agreement with ex- 
pectation is only 0*061 ; there are 16 observations in the two lowest classes 
against the expected 10. 

For the proportions of yellows to greens the evidence of heterogeneity 
is in some respects much stronger, in others weaker. There are two lines 
which are almost certainly non-Mendelian. For line 1 Pi is only about 
1 in 300; for line 14 (*00015 to another place of decimals) about 1 in 7000. 
For this same line P 2 is only abbut 1 in 1600. The presence of such lines 
almost precludes the series from being considered as Mendelian or as 
homogeneous. But the mean values of P are not so low as in the previous 


TABLE XXII. 

Showing for B plants grouped hy lines the proportion per 1000 of round seeds in 
each line and the probability Pj of the observed deviation from Mendelian expecta- 
tion on random sampling. 

Line; 

Ascendants of M 

1' - 

3 

4 

5 

6 

7 

8 
9 

11 
12 

13 

14 

15 

16 

17 

18 

19 

20 
21 
22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

Total 22860 7613 30473 750 — 

Unweighted mean — — — 750 -5480 


Numbers of seeds 


YB 

YW 

Total 

JTs per 1000 


328 

99 

427 

768 

•3897 

7^ 

221 

972 

773 

•0969 

385 

122 

507 

759 

•6383 

469 

150 

619 

757 

•6891 

942 

308 

1250 

754 

•7414 

818 

274 

1092 

749 

■9362 

563 

206 

769 

732 

•2501 

803 

253 

1056 

760 

•4533 

1028 

346 

1374 

748 

•8650 

1003 

333 

1336 

751 

•9362 

715 

244 

959 

746 

•7718 

648 

240 

888 

730 

*1676 

787 

281 

1068 

737 

•3271 

629 

236 

865 

727 

•1188 

1051 

349 

1400 

751 

•9283 

1316 

442 

1758 

749 

•9203 

498 

172 

670 

743 

•6745 

884 

262 

1146 

771 

*1010 

871 

298 

1169 

745 

•6965 

966 

335 

1301 

743 

•5619 

873 

252 

1125 

776 

•0444 

827 

284 

1111 

744 

•6455 

806 

292 

1098 

734 

•2225 

1012 

330 

1342 

754 

•7339 

616 

206 

822 

749 

•9442 

681 

227 

908 

750 

1-0000 

377 

141 

518 

728 

•2460 

1004 

298 

1302 

771 

•0801 

1209 

412 

1621 

746 

•7114 
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case; the first differs from expectation by 1*69 times the standard error, 
the second by 1*48 times the standard error. The probabilities of these 
deyiations in defect occurring in random sampling are *066 and *069. 
Table XXIV again adds little to the evidence. 

Considering the data as a whole, there is evidence, which to me at 
least seems fairly convincing, that as regards the distribution of the single 
characters also the dihybrid lines are non-Mendelian in their behaviour 
and heterogeneous, but the divergences are not so marked nor striking 
as for the distribution of the two characters together. 

The investigation is completed by Tables XXII and XXIII, on the 
same lines as Table XXI, for the monoSybrid plants in each separate 
line of dihybrid descent. As the numbers of seeds in these tables are 

TABLE XXIIL 

Showing for C plants grouped hy lines the proportion per 1000 of yellow seeds in 
each line, and (1) the probahility of the observed deviation from Mendelian 
expectation on random sampling, (2) the probability Pg of the observed deviation 
between the proportions given by each line and by the remainder. 


Numbers of seeds 


Line: 

f ' 

A 


Tb 



Ascendants of M 

YR 

GR 

Total 

per 1000 

Pi 

Pa 

1 

424 

99 

523 

811 

•0013 

*0007 

3 

523 

163 

686 

762 

•4654 

•3681 

4 

759 

254 

1013 

749 

•9442 

•8887 

.. ■ 5" 

424 

134 

558 

760 

•5823 

•4839 

■ ■ "'6 ■ ■ 

1260 

401 

1661 

759 

•3953 

•2340 

7 

535 

185 

720 

743 

•6672 

•8103 

8 

702 

238 

940 

747 

•8337 

1-0000 

9 

1103 

367 

1470 

750 

1-0000 

•7949 

H 

1226 

432 

1658 

739 

•3030 

•4654 

12 

598 

226 

824 

726 

•1118 

•1499 

13 

563 

215 

778 

724 

•0930 

•1285 

14 

425 

130 

555 

766 

•3843 

-3077 

15 

907 

308 

1215 

: 747 : , 

•8103 

1-0000 

16 

961 

284 

1245 

772 

•0735 • 

■0385 

17 

827 

275 

1102 

750 

1-0000 

•8181 

18 

506 

155 

661 

766 

•3421 

•2670 

19 

987 

361 

1348 

732 

•1260 

•1868 

20 

797 

283 

1080 

738 

•3688 

•5029 

21 

746 

252 

998 

747 

•8259 

1-0000 

22 

828 

270 

1098 

754 

•7566 

•5961 

23 

791 

282 

1073 

737 

•3271 

•4593 

24 

828 

313 

1141 

726 

•0615 

•0930 

25 

1306 

461 

1767 

739 

•2846 

•4533 

26 

806 

280 

1086 

■ ' ' ■ 742 ' 

•5419 

•7114 

27 

949 

305 

1254 

757 

•5687 

•4237 

28 

1554 

539 

2093 

742 

•3953 

•6101 

29 

452 

167 

619 

730 

•2501 

•3371 

30 

1471 

476 

1947 

756 

•5419 

•3221 

31 

581 

219 

800 

726 

•1165 

•1556 

Total 

23839 

8074 

31913 

747 

— 


Unweighted mean 

, ■/ 



748 

•4542 

•4692 
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smaUer and the average Kttle exceeds 1000 per line, the proportions have 

theses IS P^Portion of rounds in the aggregate of seeds for all 
the hnes together agrees with Mendelian expectation to the nearest unit 
and consequently there is no need for a second column for Pg . The mean 

tTorblIro In at 0-5480, in eascm of expecta- 

them! 

mgh the fluctuation is quite within possible Kmits. The deviation for 
0% a^single hne (Hue 23) barely exceeds twice the standardlr^r 0 
these deviations expressed in^terms of the standard error 16 lie within 
e hmitsi 0-6, and 13 outside; there should be 11 inside and 18 outside 
lithe square of their standard deviation is worked out it comes to 0-8646 
nly instead of a umt. The result again raises the question whether the 

yeUows differs from c^pectlSn^^iou ^ 

of P over the range 0 to 1 in Table Yyrv nV aistnoutions 

awLa. tl™ . :s“ror:r 

of Zzl . 

in a simple MendeUan population is only 13 in 10^0^4i^t ^ deviation 
pop^on aa of 74^ 


TABLE XXIV (1). 

Shovying the nwnibers of lines with vahjp<i nf P f^iT -a? • 

Tables XJI to XXI 11, together with the vlwJTZZ% Z7 “ 

... of 29, h, ,ti,i. ru, ,otM„ a.. M,. „„ , 1 .. 




p 

0- 6/29 
5/29-10/29 
10/29-15/29 
16/29-20/29 
20/29-26/29 
25/29- 1 
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7 m lOGOO. Tlie Ime contains eight G plants only, fonr of wHch 
percentages of 82 or more. There is only one plant with over 100 seeds, 
Jl 1*9 with 134 seeds of which 114 or 85^1 per cent, are yellow; the 
deviation from Mendelian expectation is 2-70 times the standard error 
for this plant, and the chance of getting such a deviation of either sign 
on random sampling is 0*007. It seems to me practically impossible to 
regard such a line as Mendelian or as consistent with the homogeneity 
of the group. 

I hoped that the differentiation noted between the lines of descent 
might throw some light on the remarkable variation in the proportions 
of seeds on the dihybrid plants from year to year which is brought out 
by Table VI (a). It seemed to me possible that the proportions of seeds 
contributed by the ^ and y groups of lines might vary from crop to crop 
and so contribute to the fluctuation. I therefore took out the percen- 
tages of seeds on plants in the ^ and y groups of lines to the seeds in all 
the 29 lines (not the total seeds in the crop) and obtained the following 
figures. 

Percentage of seeds in 
and 7 groups of lines 
Crop to seeds in all 29 lines 

G 35-5 

H 42-4: 

J 361 

K 42*9 

L 48-1 

M .43-7 

I can see no relation between the fluctuations exhibited by these 
percentages and the variation in the divergences from simple Mendelian 
expectation in Table VI (a). As a further test I took out separately the 
seeds on plants of the a, ^8 and y groups in Crops K and the first a 
crop giving very good agreement with Mendelian expectation in the 
totality of the seeds, the second the mt)st divergent crop of the six. The 

TABLE XXIV (2). 

Showing the numbers of the four types of seed on A plants in Crops K and M, 
together with the proportions per 10,000, distinguishing the three groups of lines 
a, j8 and y. 

Numbers of seeds Proportions per 10,000 


Crop 

Group 

YB, 

YW 

GR 

GW 

Total 

YR 

YW 

GR 

GW 


a 

5172 

1703 

1736 

632 

9243 

5596 

1842 

1878 

684 

K 


2379 

816 

797 

239 

4231 

5623 

1929 

1884 

565 


7 

1557 

486 

504 

174 

2721 

5722 

1786 

1852 

639 


a 

.3989 

1390 

1293 

369 

7041 

5665 

1974 

1836 

524 

M 


1671 

670 

570 

136 

3047 

5484 

2199 

1871 

446 


7 

1431 

468 

433 

93 

2425 

5901 

1930 

1786 

21- 

384 

-2 
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results are shown in Table XXIV (2). It is clear that the causes which lead 
to variation in the proportions of seeds classified under the four heads 
from year to year act on plants of all three groups. In Crop K, the a 
group shows a large excess of GW seeds, the j8 group still shows a 
deficiency, but the y group gives a slight excess. In Crop M, all three 
groups show a heavy deficiency of GW’s, but the deficiency is heaviest 
for the j8 and y groups. In both crops, as in the total, the j8 and y groups 
give the lowest percentages of GW’s, and the y group the highest per- 
centage of YR’s. The problem as to the source of variation in the pro- 
portions of seeds from year to year thus remains unsolved. 

■ 

Summary, 

Summarising briefly the work of this section, we began by showing 
that far too many plants with abnormal proportions are found amongst 
the dihybrid plants (Table XIII). Some of the families in which the 
abnormal plants occurred proved to be very improbable aggregates 
(Table XIV) and there were more families than one would expect with 
two or three marked plants. 

The last result suggested an investigation by lines of descent. The 
investigation showed that the different lines of dihybrid plants did not 
form a homogeneous group but differed significantly from each other; 
the conclusion being reached with almost complete confidence when the 
proportions of the four types of seed were considered, but with less con- 
fidence when the two characters (yellowness or roundness) were taken 
singly. 

The deviations from Mendelian expectation noted for the totalities 
of the seeds and of the plants (Tables I and VI (a)) appear to be mainly 
due to about half the lines, the remainder giving totals not far from 
expectation. 

For the monohybrid plants descended in the different dihybrid lines 
there was very much less evidence of heterogeneity. The hybrids for 
shape gave no evidence of heterogeneity at all. The hybrids for colour 
gave one line that was almost certainly abnormal. 

It appears that the abnormalities which occur mainly (most largely 
or most frequently) affect the frequencies of combination of two cha- 
racters, though they may also affect the distribution of the single 
character. Whatever the conditioning cause may be it appears to be 
something heritable, or the lines would not differentiate. 

A line is not necessarily homogeneous (in the sense that a homo- 
zygous line is homogeneous) for two lines that are known to have de- 
scended from a common ancestor may differ significantly. It has even 
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been, questioned wlietber a line that appears, from tbe proportions of 
different types of seeds and of plants, to be simply Mendelian, is in fact 
behaving according to the simple Mendelian rules, for the frequency 
distributions of percentages of YR seeds on single plants may be very 
abnormal. The result should be compared with the work of the last 
section on the large plants of Crops J and K (Tables XI, XII, and Fig. 7). 

These results seem to me to enforce the tentative conclusion of the 
last section that the very simple mechanism usually postulated is in 
adequate to explain all the facts. It is not possible on such an assumption 
to account for separate lines of descent differing significantly in the 
proportions of seeds that they give, or imthe proportions of YR seeds on 
dihybrid plants that prove to be dihybrid, monohybrid for shape, mono- 
hybrid for colour, and pure dominant. 

VI, The Combinations of the Dieeerent Types op Seed 
IN THE Pods. 

In the previous sections we have considered first the agreement with 
expectation of the number of seeds of each type in the aggregate yielded 
by each generation, second, the agreement with expectation of the 
numbers of seeds of each type yielded by the individual plants. We now 
come to the further question, how far do the numbers of the four types 
of seed (YR, YW, GR, GW) in each pod^agree with Mendelian expecta- 
tion— i.e. do they, or do they not, show nothing more than the fluctuations 
to be expected in random samphng? 

It was decided to proceed in this case by way of sample, i.e. to in- 
vestigate one generation only and to be guided by the results in deciding 
whether to carry the enquiry further or no, as a complete investigation 
would be very lengthy. Crop (? (jP'i 2 ) seemed suitable enough for the 
preliminary trial. The seeds harvested on the J. plants gave total numbers 
of the four types not diverging largely from expectation (cf. Table VI (a)), 
the probability of occurrence of the divergence observed, on random 
sampling, being about 0*05 ; it is convenient that the totals should show 
at least a moderate agreement with theory, for, primarily at least, we 
wish to know whether even on normal plants the pods may be regarded 
as nothing more than small random samples. I regret, in fact, that 
Crop J or Crop K was not chosen rather than Q as they both give much 
closer agreement with Mendelian expectation. A supplementary in-, 
vestigation on one point was therefore made on these crops (Table 
XXVIII). 

The pods of the A plants in Crop G were re-tabulated according to 
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the numbers of seeds they contained, omitting pods with one seed and 
pods with eight seeds or more— a relatively small proportion of the total. 
Table XXV shows the numbers of the four types of seed for each size 
of pod separately, together with the expected distributions in the ratio 
9:3:3 : 1. It will be seen that most of the distributions, judging by the 
value of P, give very good agreement with expectation, the worst fit 
being given by the 6-seeded pods. In this case P is 0*014, so that roundly 
we might expect a fit as bad or worse on random sampling once in some 
70 trials; as for the total seeds (of the A plants) yielded by this genera- 
tion, the misfit is mainly due to a deficiency of YW’s and GW’s. The 
excesses or deficiencies as comfpared with expectation show singularly 
little agreement in the seeds from pods of difierent sizes, the signs of 
disagreement running as follows : 

Seeds in pod 


2 3 4 5 


YR 


+ 

- 


YW 

- 

.« 

+ - 

- 

GR 


+ 

+ 

+ 

GW 

- 

— 

- 

+ 



Xo two distributions except those for the 3- and 6-seeded pods are 
alike in the signs of divergence, and the result given by the general 
aggregate is of the nature of an average of different distributions that 
vary considerably from each other. It may be pointed out that Table XXV 
gives a total of 6779 seeds against the general aggregate of 6017, so that 
no more than 238 seeds have been omitted by the exclusion of pods 
with fewer than two or more than seven seeds, and possibly the in- 
advertent omission of one or two pods within the range stated. 


TABLE XXV. 

Numbers of seeds of each type in pods on dihybrid plants with 2, 3, 4, etc. to 7 
seeds ^ Crop G, and probability, P of the observed divergence from Mendelian 
expectation on random sampling. 


Number of seeds in the pod 



f — 





4 



d';'' 


6 
















Seeds 

01^ 

The, 

Obs. 


Obs. 


Obs. 

The. 

01^ 


Obs. 

Tl^ 

. YR 

83 

76*5 

272 

266*6 

596 

605*25 

969 

973*1 

928 

884*25 

437 

444 9 

YW 

20 

25*5 

83 

88*9 

204 

201*75 

296 

324*4 

266 

294*75 

153 

148*3 

GR 

25 

25*5 

93 

88*9 

212 

201*75 

349 

324*4 

303 

294*75 

144 

148*3 

GW 

8 

8*5 

26 

29*6 

65 

67*25 

116 

108*1 


98*25 

57 

49*4 

Total seeds 

136 


474 


1076 


1730 


1572 


791 


Total pods 

68 


158 


269 


346 


262 


113 


P 

0*62 


0*77 


0*84 

;;; 

0*18 


0*014 


0*67 
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Wten Table XXV bad been completed, the sheets for each size of 
pod were taken separately and tables compiled showing bow many out 
of these pods contained 0, 1, 2, ... YR’s; 0, 1, 2, ... YW’s, and so on. 
The results are shown in Table XXVI (a) to (e). Thus, of the 68 2-seeded 
pods eight only contained no YR’s, 37 contained one YR, and 23 con- 
tained two YR’s. But 49 of them contained no YW, 18 only one YW, 
and only one two YW’s. The other tables are read similarly. 

Against each observed distribution, in the column headed '^Obs., '" 
is given the expected distribution, in the column headed The.’’ (Theory). 
If no definite causes are at work, and the fluctuations observed are due 
solely to the chances of random sampling, the numbers of pods with 
0, 1, 2, ... seeds of the type considered should be given by the successive 
terms of the binomial series 

where JY is the number of pods for which data are available, J; is the 
number of seeds in the pod, p is the chance of obtaining a seed of the kind 
considered (i.e. the proportion in which it should occur on Mendelian 
theory) and g' is 1 p. Thus, for YR’s q is 7/16 and 9/16; for YW’s 
or GR’s q is 13/16 and/p 3/16, and for GW’s q is 15/16 and j? 1/16. It is 
these binomial distributions which are given in the columns headed 
‘‘The.” In most cases it will be seen that the consonance between theory 
and observation is extraordinarily good; 4;he worst fits are shown by the 
distributions of YW’s and GR’s in the 4-seeded pods, where a fit as bad 
or worse would only be expected on random sampling once in 100 trials. 
This is a rather unexpected result and a warning that agreement of the 
average need not imply agreement of the distribution as a whole; for 
the numbers of YW and GR seeds in these pods, viz. 204 and 212 re- 
spectively (cf. Table XXV), are only slightly in excess of the expected 
number 202; the divergence that renders the distributions so improbable 
is mainly a marked excess of pods with three or four seeds of the type 
named, there being ten of such pods in the first case and 14 in the second 
against an expectation of only six. The expectation of pods with all 
of their four seeds YW’s or GR’s is very small, about one-third of a pod 
in a total of 269, but there are actually three of such pods in the distribu- 
tion of YW’s. The distribution of GR’s in the 5-seeded pods shows a 
similar excess of pods with three seeds of that type, 26 against 16, but 
the excess is not general, and not necessarily significant, though con- 
sistent with the general excess of GR’s; but the GW’s are, on the whole, 
in defect. 

We can get a general view of the consonance between theory and 
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TABLE XXVL 

Showing the frequency distrihutions of pods with given numbers of seeds of each 
type y in pods with seeds. Crop G, and the probability P of the observed 

divergence from Mendelian expectation on random sampling^, 

(A) Pods with 2 seeds: Total, 68 pods 


Type of seed 


No. of 





—A 



— ^ 

seeds 

YB 





GW 

of type 



YW 

GB 









stated 

Obs. 

The. 

Obs. 

Obs. 

The. 

Obs. 

The. 

0 

8 

13 

49 

45 

45 

60 

60 

1 

37 

33 

18 

21 

21 

8 

8 

2 

23 

22 

1 

2 

2 

— 

— 

P 

0-30 

— 

''0-65 

1*0 


1-0 

— 


(^) 

Pods with 3 seeds 

: Total, 

158 pods 



0 

9 

13 

87 

84 

85 

134 

122 

1 

51 

51 

59 

56 

59 

22 

33 

2 

73 

66 

12 

17 

13 

2 

3 

3 

25 

28 


1 

1 

— ' 

— 

P 

0-52 

— 

0-77 

0-71 

— 

0-084 

— 


((7) Pods with 4 seeds: Total, 269 pods 



d 

16 

10 

111 

118 

117 

208 

208 

1 

45 

50 

125 

104 

108 

57 , 

55 

2 

100 

98 

23 

33 

38 

4 

6 

3 

82 

84 

7 

14 

6 

■ — , 


4 

26 

27 

3 

— 

— 

, — 

— ^ 

P 

0-38 


0-009 

0-010 

— •■■■ 

0-71 

— - 


{D) Pods with 5 seeds : Total, 346 pods 



0 

4 

5 

139 

110 

123 

244 

250 

1 

42 

36 

135 

152 

141 

89 

84 

2 

90 

92 

*'57 

57 

65 

12 

11 

3 

114 

118 

13 

25 ^ 

15 

1 

1 

4 

75 

76 

2 

2 

,'2 . 


• — , 

5 

21 

19 

■ . — 

■■ 




P 

0-89 


0'47 

0-043 


0-89 

;;V_; 


(E) 

Pods Mth 6 seeds: Total, 

, 262 pods 



0 

1 

2 

92 

75 

76 

196 

178 

1 

9 

14 

96 

92 

104 

57 

71 

2 

42 

46 

55 

75 

60 

9 

12 

3 

73 

78 

16 

19 

19 

— 

1 

4 

80 

75 

3 

1 

3 

— 

— 

5 

46 

39 

— 

— 

— 

— 

— 

6 

11 

8 


— . 

— 

— 

— 

P 

0*35 

— 

0*30 

0-17 


0-088 



(P) Pods with 7 seeds: Total, 113 pods 



0 

2 

'' . , — , ■■ 

24 

31 

26 

66 

72 

1 

1 

3 

43 

39 

43 

37 

34 

2 

10 

12 

34 

29 

30 

10 

7 

3 

28 

26 

8 

9 

11 

' ■ ' 

— 

4 

41 

33 

3 

5 

3 



5 

21 

26 




■. — . ■ 

; 

6 

7 

11 

1 


. , 



7 

3 

2 






P 

0*50 


0 77 

0-55 


0 36 



1 The values of P have been worked out as the distributions stand, with the following 
exceptions: {C) YW’s, 3 and 4 grouped; (P) YB’s, 0 and 1 grouped, GW’s, 2 upwards 
grouped; (P) YB’s, 0 and 1 grouped, YW’s, 4 upwards grouped 
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observation by bringing together the values of P, of which there are 24. 
If there were nothing at work but the chances of random sampling, the 
observed values of P should be uniformly distributed over the range 
0 to 1. Breaking up the range into fractions of 1/6, four values of P 
should fall into each fraction. The 'actual distribution is as follows : 


Number of P’s falling into 
the range given 


Value of P 

r 

Observed 

Theory 

0-1/6 

4 

4 

1/6-1/3 

4 

4 

1/3-1/2 

4 

4 

1/2-2/3 

4 0 

4 

2/3-5/6 

3 

4 

5/6-1 

5 

4 


The agreement could scarcely be closer; the probability of obtaining 
a worse fit on random sampling is over 0*98. In the data of Table XXVI, 
barring one or two divergences of detail that are not exhibited con- 
sistently by pods of different sizes, it is difficult to see anything but a 
very good illustration of the theory of sampling. 

1 decided, however, to apply a further and very stringent test. It 

may be argued that, while Table XXVI indicates nothing significant in 
the fluctuations of numbers of seeds of any particular type from pod to 
pod, it is nevertheless possible that there may be significant differences 
as regards the of seeds occurring, i.e. that a particular 

combination of seeds (for example, 3 YE,''2 YW, 2 GE, 0 GW in a 7-seeded 
pod) may tend to occur much more often, or much more rarely, than 
would be expected on the theory of random sampling. It is difficult to 
imagine any mechanism under which the frequencies of individual types 
of seed would be subject to the laws of random sampling and the fre- 
quencies of combinations would not — but still, the thing is possible. 

In order to see whether or no combinations can be regarded as 
random, within the pod, it is necessary to tabulate — ^for some chosen 
number of seeds in the pod— every possible combination of YE’s, YW’s, 
GE’s and GW’s that can occur; to work out the probability of each and 
thence the number of instances to be expected amongst the pods observed, 
and to compare this with the actual number observed^. 

As my test case I chose pods with five seeds, as being the most 
frequent in Crop J, 346 of such pods being available. There are 56 
possible combinations^ of the four types of seed in a 5-seeded pod, as 

^ The order of seeds in the pod was not recorded. 

2 With n seeds in the pod, the number of possible combinations (order in the pod being 
disregarded) is 
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set out iu Table XXVII. These are listed first of all by the number of 
YR’s. The order for any given number of YR’s is best explained by an 
example, say 2 YR’s. The list for 2 YR’s starts at No. 11; the number 
of GW’s can be ignored, as only the YW’s and GR’s affect the order. 
Theorderis: 

YE YW GE YE ¥W GR 

2 0 0 . — — _ 

2 0 1 and its equally probable reciprocal 2 1 0 

2'v: '0; ; ■ 2„:.. ■ ■■■; ■ 2 ■ ■.■,2: ■. 'o ■ 

aad so OB, the combmatioBS begiBBing with 2 YR’s, 1 YWiollowiBg Bext. 

AgaiBst each coBibinatioB is placed its calculated probability ; m the 
Bext coluBiB is giveB the observed BUBiber of times that combiBatioB 
was fouBd iu the pods, aud iu the Bext agaiB the average Bumber of times 
it should be f OBud, obtaiued by multiplyiag the probability by the total 
Bumber of pods (346). A glauce dowB the table shows how good is the 
agreemeBt between observation aud calculatioB; the most notable 


TABLE XXVIL 

Showing ever f possible combination of the four types of seed in a pod of five seeds, 
the probabilities of occurrence, and the observed and expected numbers of pods with 
each combination in the 346 6-seeded pods of Crop 6. 




Combination 


Proba- 

Pods 

. ■ 



Combination 

A 


Proba- 


YR 












YW 

GR 

GW 

bility 

Obs. 

•The. 


YR 

YW 

GR 

GW 

bility 

1 

5 




056314 

21 

19*5 

29 

1 

4 




003476 

2 

4 



1 

031285 

9 

10*8 

30 

1 

1 

1 

2 

004635 

3 

4 


1 


093856 

39 

32-5 

31 

1 

1 

2 

1 

013905 

4 

4 

1 



093856 

27 

32-5 

32 

1 

2 

1 

1 

013905 

5 

3 



2 

006952 

3 

' 2-4 

33 

1 

1 

3 

— 

013905 

6 

3 

; 

1 

1 

041714 

21 

14*4 

34 

1 

3 

1 

— 

013905 

7 

3 

1 

■■ ■■ 

1 

041714 

12 

14*4 

35 

1 

2 

2 


020857 

8 

3 

- — 

■v 2'' 

; ; - 

062571 

20 

21-6 

36 

— , 

— 



5 ■■ 

000001 

9 

3 

2 

■ 

— ' 

062571 

13 

21*6 

37 

. — 


1 

4 

000014 

10 

3 

1 

1 

■— 

125141 

45 

43-3 

38 

— . 

1 

— 

4 

000014 

11 

2 

\ : ; 


3 

000772 

— 

•3 

39 

^ — 

— 

2 

3 

000086 

12 

2 

„ , ■■ 

1 

2 

006952 

4 

2-4 

40 

— 

2' 


3 

000086 

13 

2 

1 

— 

2 

006952 

2 

2-4 

41 



■ 

3 

2 

000257 

14 

2 


2 

1 

020857 

6 

^ 7*2 

42 

;; ^ 

3 

. 

2 

000257 

15 

2 

• % 


1 

020857 

11 

7*2 

43 

, - 


4 

1 

000386 

16 

2 


3 

— 

020857 

10 

7*2 

44 


4 


1 

000386 

17 

2 

3 



020857 

7 

7-2 

45 


— 

5 

— 

000232 

18 

2 

1 

1 

1 

041714 

14 

14*4 

46 


5 



000232 

19 

2 

1 

2 


062571 

18 

21-6 

47 



1 

1 

3 

000172 

20 

2 

2 

1 


062571 

18 

21*6 

48 

'v 

1 

2 

2 

000772 

21 

1 



4 

000043 


•0 

49 


2 

1 

2 

000772 

22 

1 


1 

3 

000515 

1 

*2 

50 


1 

3 

1 

001545 

23 

1 

1 


3 

000515 


r ■ . •2' ■ 

51 


3 

1 

1 

0015'45 

24 

1 


2 

2 

002317 

1 

*8 

52 


1 

4 


001159 

25 

1 

2 


2 

002317 

1 

•8 

53 


4 

1 


001159 

26 

1 

— 

3 

1 

004635 

2 

1*6 

54 


2 

2 

1 

002317 

27 

1 

3 


1 

004635 

2 

1*6 

55 



2 

3 

■ 

002317 

28 

1 


4 


003476 

2 

1*2 

56 

■V: 

3 

2 


002317 


*Pods 


Obs. The. 

2 1 
1 1 

4 4 

5 4 

10 4 

3 4 

8 7 


2 

1 


1 
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divergences seem to occur owing to tte deficiency of YW’s and excess 
of GR’s, so that in a pair of reciprocal combinations like 8 and 4, 6 and 7, 
8 and 9, which should be equally frequent, the first member of the pair 
usually shows an excessive (or less deficient) frequency, the latter a more 
deficient frequency. 

To apply the test of fit it is clearly necessary to group the fre- 
quencies in some way, since many of the expected frequencies are very 
small. Grouping together all the cases (35) in which the expected fre- 
quency is less than three units, which show a total of 25 pods against an 
expectation of 22*6, the value of for the distribution thus condensed 
into 22 classes is 20*98 and of P 0*46 — vindicating an exceedingly satis- 
factory agreement, notwithstanding the divergences noted due to the 
relative deficiency of YW’s. If we, in part at least, eliminate this source 
of disturbance by pooling together each pair of reciprocals, thus reducing 
the total number of groups to 14, P rises to no less than 0*886, indicating 
a far closer agreement than we have any right often to expect. 

Apart from the small amount of interchange between YW’s and GR’s, 
which is itself well within the limits of fluctuations of sampling, there is 
nothing, so far as I can see, even remotely to suggest anything significant 
in the relative frequencies with which different combinations of seeds 
occur in the pods. 

Since, so far as I am aware, no similar analysis has ever been made 
of the relative frequencies of different combinations of seeds in a pod, 
the result seemed worth controlling by carrying out the test on another 
crop. It was decided to utilise both Crops J and jBT, which gave quite 
close agreement with Mendelian expectation in the totals of the seeds 
from dihybrid plants (cf. Table VI (a)). Table XXVIII gives the results, 
which, it will be seen, are based on much more extensive material than 
those of Table XXVII, 906 pods being available from Crop J and 854 
from Crop K. For the same reduction to 22 classes as was used for Table 
XXVII, for Crop J comes to 20*71, and P to 0*48. For the data of 
Crop X, comes to 26*80 and P to 0*18. The fluctuations for both crops, 
taken as a whole, lie therefore well within the limits of fluctuations of 
sampling, but Crop K gives the poorer agreement with expectation. The 
divergence is largely due to combination 35 (1 YR, 2 YW, 2 GR, 0 GW) 
for which K gives 30 pods against an expectation of barely 18, and next 
to combination 34 (1 YR, 3 YW, 1 GR, 0 GW) for which K gives only 
five pods against an expectation of nearly 12. 

When the numbers of pods for Crops J and K are added together, 
X^ comes to 22*01 and P to 0*40, the divergences in J and K partly 
cancelling out. It will be seen in fact that, for the great bulk of the 


TABLE XXVIII. 

Shomng, as in Table XXVII, every possible combination of the four types of seed in pods with five seeds and the observed 
and expected numbers of pods with each combination, in the 906 5-seeded pods of Crop J, the 854: 5-seeded pods of Crop K, 
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combmations, the agreement with expectation's very close; more than 
half the value of is contributed by the two combinations 14 (2 YR, 
0 YW, 2 GR, 1 GW) and 35 (1 YR, 2 YW, 2 GR, 0 GW) . For combination 
14 the two crops together give 53 pods against an expectation of barely 
37, and for combination 35, 51 pods against the same expectation. In 
the case of combination 34, for which the number of pods in K is deficient, 
the number of pods in J is excessive and the agreement in the total quite 
close. For combination 14 the deviation is 2*72 times the standard error, 
the chance of occurrence of such a deviation (of either sign) on random 
sampling being 0*0065 or about 1 in 150 or 160. For combination 35 
the deviation is 2*39 times the standard egrror for which the same chance 
is 0*017, or about 1 in 60. One such divergence as that for combination 
35 in a series of 56 may weU pass — it is indeed to be expected — ^but the 
divergence of 14 seems a little excessive; one can hardly say more. 

No influence, therefore, is apparent of the divergences from simple 
Mendelian expectation noted in the preceding sections, and this is 
perhaps hardly to be expected. With only five seeds in the pod, the 
influence of pure chance would probably be overwhelming, and the slight 
divergences of the chances from Mendelian values would have little effect. 

Summary, 

The work of the present section shows that the frequency distribu- 
tions of numbers of seeds of each type in'^ods of one and the same size, 
and the frequencies of occurrence of the possible combinations, are not 
suggestive of any appreciable departure from the expectation given by 
random sampling out of a ‘^population” of seeds in the proportions 
9 : 3 : 3 : 1. Appreciable divergence owing to the abnormalities noted 
in previous sections was perhaps hardly to be expected, but the test 
seemed worth carrying out, as such a test does not appear to have been 
made before. 



THE INHEEITANCE OF WING COLOUR AND 
PATTERN IN THE LEPIDOPTEROUS GENUS 
TEPHROSIA {ECTROPIS) WITH AN ACCOUNT 
OF THE ORIGIN OF A NEW ALLELOMORPH. 

I EXPEEIMENTS INVOLVING MELANIO 

TEPHROSIA GREPTJ8GULARIA. 

By J/ W. HESLOP HARRISON, 

(With Plate XVIII) 

For several years I have been investigating the inheritance of 
melanism in the two Boarmiine genera Tephrosia and Boarmia* As a 
result of my researches I discovered that, without exception, whenever 
any one of the species Tephrosia consonaTia\ T. crepusoularia 
Boarmia consortaria'^ was crossed with its melanic variety the inherit- 
ance proved to be of the usual Mendelian type. But in the inter- 
specific crosses between Tephrosia bistortata and the melanic form of 
its congener, T, crepiismlaria, the chaj*acter in question behaved in 
quite an anomalous fashion®, and further experiments were consequently 
undertaken. 

In this second series of cultures two races of Tephrosia bistortata 
were employed, (1) a double-brooded Kent strain, and (2) a single 
brooded race from Durham and the Cleveland District of Yorkshire, 
Delamere Forest, the well-known habitat of the form, provided the two 
delamerensis females with which the work commenced; of these females 
perhaps some description seems necessary here. In colour, the wings 
and body of the first were of a pure bluish -black, the former being 
traversed by the clear, narrow white subterminal line or rather band 
which characterises the black forms of so many Boarmiinae like Boarmia 
repandata, B. consortaria, Tephrosia luridata and others. 

Her progeny resembled their mother very closely, thus demon- 
strating that at least one of their parents had been homozygous for 

^ I withheld my results in these species when f heard that Onslow was experimenting 
with them. It is sufficient to say at this juncture that my work harmonises with his. 

See Journal of Genetics, No. 1, 1920. 
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melanism. By inbreeding a promiscuous lot of this first captive gene- 
ration, by crossing certain of its members with a Staffordshire batch 
known to be heterozygous for the same character, and by making the 
two possible crosses between it and type Tephrosia bistortata, it was 
easily shown that this stock, and therefore both its wild parents, had 
also been homozygous for colour. 

The fact that the offspring of the second female (which was dis- 
tinctly lighter in tone than the first) comprised both melanics and 
types indicated that it had been heterozygous for melanism. 

Breebijstg Experimeots. 

Reciprocal pairings between T> crepuscularia var. delamerensis sjnd 
both races oi bistortata were made and the possible Fi lots brought 
to maturity with results, in respect to sex and colour, displayed in 
Tables I, II A and II B. 

TABLE I. 


Homozygoiis ? x homozygous melanic $. 

mm X MM, 






Melanies 






Source 


— 



Percentage 

Family 

Source of Female 

of Male 

Males 

Females 

Totals 

Types 

Melanic 

A 

Kent 

Cheshire 

109 

7 ' 

116 

None 

100 


' j j ■ 


93 

0 

93 

>5 


X>3 



87 

0 

87 

9 > 


I>4 



38 

0 

38 

J 5 


A 

}) ' 

} j . 

46 

0 

46 

rj 

' > J 

e 

Eston, N. Yorks 

s > 

6 

25 

31 

1 5 


f 

...■»» 

yr 

21 

29 

50 

9 9 


g 

Kildale, N. Yorks 

> J 

30 

41 

71 

5 » 


h 

N. Durham 

»» 

7 

5 

12 

11 

99 



Actually reared 


544 

0 

100 


Ti 

Theoretical result ... 

All 

0 

100 


TABLE IT A. 

Homozygous melanic crepuscularia $ x homozygous type bistortata ^ . 

MM x mm. 


Melanies 


Family 

Source of 
Female 

Source of Male 

Males 

Females 

Totals 

Types 

Percentage 

Melanic 

A 

Cheshire 

Kent 

54 

58 

112 

None 

100 

I>7 



52 

60 

112 

J J 

. J >■ 



?» 

North Durham 

60 

67 

127 

■ ■>> 


i 

^9 

34 

38 

72 


19 

j 

■ 

Eston 

21 

19 

40 


h 


Kildale 

27 

28 

55 

91 

99 


Actually reared ... 518 0 100 

Expected ... All 0 100 
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TABLE II B. 


Heterozygous melanie crepusciilaria $ x homozygous type bintortata $ \ 





Mm X mm. 






Source of 
remale 

Melanies 



Types 


Percentage 

Melanie 

Family 

Male Males 

Females 

Total 

Males 

Females 

Total 

1)9 

Clieshire 

Kent 14 

18 

32 

10 

18 

28 

53*3 



Theoretical result 


30 

— 

— 

30 

50 


The data suggest that the melanie form behaves as a simple 
dominant to the type, but, in the light of the earlier work, this is no 
decisive proof, the condition of the lots being the ‘‘acid'’ test. 
Unfortunately, for various reasons, such as the precocious emergence 
of the females in crosses between T, orepusoularia females and the 
males of both stocks of bistortata^ and the extraordinarily low viability 
of the females in the reverse cross between bivoltine histortata females 
and crepusciilaria males, the generations are not easily obtained. 
However, I managed to secure matings representative of all the necessary 
combinations, in addition to pairings between (univoltine histortata % 
x crepuscularia var. delamerensis (f) females on the one hand, and the 
males of the two reciprocal hybrids involving double-brooded histor^ 
and crepuscularia var. delamerensis on the other. 

Further, I obtained several back crosses, two of which were repre- 
vsented by a fairly large number of pairings, in addition to certain other 
instructive crosses. 

From all of these matings eggs were' secured, and the resultant 
broods, started on a diet of hawthorn (Crataegus Oxyacantha) and 
finished on knotgrass {Polygonum aviculare) were brought to the 
imaginal state ; their composition in respect to the essential features, 
as well as that of other pertinent batches, may be determined from 
Tables III, IV A, IT B, V a, Vb, T c, T i), T e and VI. 


TABLE III. 

broods reared Jrom type histortata ? x (homozygous melanie) crepuscularia c? . 

Mm X J/m. 



Melanies 



Types 


Percentage 

Melanie 

Family 

Males Females 

^OlSklS 

Males 

Females 

Totals 

F 2 Di 


8 

3 

3 

6 

— 

34 30 

64 

% 11 

12 

23 

— 


Actually reared ... 

■ ■n'-: . 



29 

71-9 


Expectation ... - 

75^7 




75 
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TABLE IV A. 

F.^ broods bred from erepusciilaria ? (homozygous melunic) x bistortata $ (typo). 




Melanies 


Mmy 

Mm. 

Streaks, 



Types 


Family 

Males 

Females 

Totals 

Males 

Females 

Totals 

Males 

Females 

Totals 

J?2 Us 

15 

17 

32 

5 

6 

11 

8 

6 

14 

F^i 

4 

5 

9 

— 


■ — 

4 

1 

5 

F^j 

6 

12 

18 

3 

1 

4 

3 

4 

7 

F 2 h 

2 

5 

7 

— ■ 

— * 


2 

1 

3 


Theoretical expectation in all of these broods is 3 melanic : 1 type. 


TABLE ITb. 

c 

broods bred from erepusciilaria § {heterozygous 7mlanic) x bistortata 
{honiozygous type). Mm y, mm ox imi >< Mm, 

Melanies Types 










— — 

Percentage 

Family 

Female 

Male 

Males Females Totals 

Males 

Females 

Totals 

Melanic 

i^2 Bq 

Melanic 

Type 

23 

17 40 

16 

16 

32 

55-5 

Dg 

Type 

Melanie 

16 

25 41 

29 

15 

44 

48-2 



Actually reared 

81 

— 

■ : — ■ 

76 

51*5 



Theoretical result 

78-6 

— 

. — 

78-S 

60 


TABLE Y a. 

Back crosses between bistortata $ $ and F-^ (bistortata $ 
X crepuscularia $) ^ 





Melanies 



Types 


Family 

Type of Mating 

Males 

Females 

Totals 

Males 

Females 

Totals 

bistortata $ x D3 

mm X Mm 

24 

13 

37 

32 

15 

47 

jj ' ^ 

mmxMm 

41 

22 

63 

55 

30 

85 


mm X Mm 

32 

19 

51 

57 

22 

79 

j j X 2)3 ^ 

mm X Mm 

21 

9 

30 

24 

14 

38 ■ 

10 hist, $ $ X 10I>6 ^ ^ 

mm X Mm 

55 

26 

81 

57 

33 

90 


Actually reared 


262 


— 

389 


Expected 


300-6 


““ 

300-S 


TABLE Yb. 

Back crosses between bistortata 5 ? xt,nd Fi (crepuscularia $ 

X bistortata 

Melanies Types 


Family Type of Mating 

Males 

Females 

Totals 

Males 

Females 

Totals 

bistortata^ xBq,^ mmxMm 

27 

16 

43 

28 

12 

40 

, , ’ mm X Mm 

10 hist, $ $ X 10I>6 ^ ^ mmx Mm 

30 

18 

48 

35 

18 

53 

62 

25 

77 

45 

21 

66 


Actually reared 
Expected 


168 

163-6 


159 

163-6 
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TABLE Yc. 

Bmh crosses between (crepuscularia $ xbistorfcata ) J J c? <? • 



Family 

Ttoc of 
Mating 

Males 

Females 

Totels 

Males 

Females 

Totals 

Actual 

Ratio 

Expected 

Ratio 

m 

X bistortata^ 

mm X mm 


— 

— 

43 

39 

82 ■ 

( All 

1 types 

All 

types 


X „ 

Mm X mm 

33. 

28 

61 

29 

26 

55 

1*1:1 

1:1 


X „ 

Mmxmm 

25 

26 

51 

15 

25 

40 

1 : *8 

1:1 


TABLE Yd. 

Back cross between (crepuscularia $ x bistortata $)^ and crepuscularia ^ , 


Type of —A — — — — 

Family Mating Males Females Total Males Females Total 




28 69 — 

TABLE Ye. 


Actual Expected 
Batio Batio 

f All All 

Imelanic melapic 


Back crosses between (crepuscularia 5 x bistortata (J ) $ $ and 
bistortata $ $ which yielded anomalous results. 


Seeming Melanies Blotched Type 

Type > — ^ . — A Expected 

Family of Mating Males Females Totals Males Females Totals Males Females Totals Ratio 

xhistortata^ Mmx mm 6 6 11 3 1 4 8 7 15 1 mel. : 1 type 

Dq^ X ,, Mmxmm 0 1 1 0 1 1 31 75 106 Imel. :ltype 

Dg$ X ,, mmxmm 31 25 56 — — — 8 11 19 All types 

TABLE YE 

Crosses involving the reciprocal Fi broods, 

Melanies Types 


Type 



— 

— — 

— 



^ 

Theoretical 

Actual 

of Mating 

Males 

Females 

Totals 

Males 

Females 

Totals 

Ratio 

Ratio 

MmxMm 

30 

13 

43 

10 

5 

15 

3 : 1 

2*86 : 1 

Mm X mm 

13 

9 

22 

16 

10 

26 

1 : 1 

*85 : 1 

MmxMm 

6 

6 

11 

2 

2 

4 

3 ;1 

2*75 : 1 


MmxMm 5 6 11 2 2 4 3 : 1 2*75; 

* Wi was an Mstortata ^ x type creptiscularia ^ hybrid. 

The outstaDding points here are the advent of blotched or streaked 
insects, manifesting a more or less coarse mosaic of the type and melanic 
facies, in four of the families, and the failure of expectation, based on 
the appearance of the parent females, in the last two families of 
Table Y E. 

Unlike the condition of the^Fg hybrids bred from the crossing of a 
delamerensis female with d bistortata male discussed in my earlier 
publication, family Fg A of similar parentage displayed no great spread 
of variation. Instead the brood includes a selection of well-marked 
type insects, like the male grand-parent, with a greater proportion of 
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definitely melanic examples, reproducmg the condition of the other 
grand-parent T. crepuscularia var. delamerensis. In addition, however, 
to insects of these two forms, which were quite in accordance with one’s 
expectations had the characters in question /‘mendelised ” normally, 
there were the mosaics to which reference has just been made. These, 
like their black and their typical relatives, comprised individuals of 
each sex. Obviously, they replace a portion of the heterozygous melanics 
which ought to have formed one-half of the brood. 

Regarding them as such, and adding them to the genuine melanics, 
we get a ratio of 43 melanics to 14 types (3T : 1), or practically the 
ordinary 3 : 1 monohybrid ratio. This would seem to suggest that; 
insects of this phenotype might represent the heterozygous melanics. 
That such a conception is erroneous, however, is clear from several 
considerations. 

In the first place, the heterozygotes in the Fi batch show no such 
anomalous wing colour, and, secondly, several of the melanics, in- 
separable on a colour basis from the other members of the same group, 
when tested by the experiments listed in Table VII below, proved to 
be heterozygous for melanism. Probably, therefore, this new type is 
the outcome of interspecific hybridity, arising perhaps in some such 
manner as I suggested in my 1920 paper. 

As mentioned previously family F^ Dg was not the only batch ex- 
hibiting insects of this form,, for specimens resembling them in every 
particular were reared in the jPg lot derived by pairing a F crepus- 
cularia deZamercnsis female with a uni voltine bistortata male, as 
well as in the two back crosses between {crepusoularia var. dela- 
merensis $ X c/* ) females and bivoltine bistortata males. In 

two of these instances the new variety occurred in each sex, whilst in 
the third one female alone was blotched. 

In marked contrast to these cases, which arose from hybrid females 
of origin delamerensis % x bistortata d , in no brood in which either sex 
of the. reciprocal bistortata $ x crepusoularia var. delamerensis hybrid 
participated, whether ihe bistortata moiice single or doublebrooded, did 
any such mosaics appear^ ; 

The Inheeitance OF Melanism. 

The facts recorded in Tables I — VI show that, in the T. bistortata $ 
X delamerensis d hybrids, melanism behaves as a simple unit-character 
although, perhaps, the persistent deficiency of the melanics in the back- 
crosses between pure bistortata females and males of such parentage 
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seems significant. Its importance, however, is discounted by the fact, 
discussed in niy paper on the sex ratios in these hybrids, that one-half 
of the females in such back crosses are non-viable, coupled with the 
observation that, in most broods containing melanic insects, the melanic 
females outnumber the types of the same sex. 

Nor does the evidence of the back crosses arising from (delamer- 
e7isis $ X bistortata males, and of the e ^ x bistortata batch, weaken 
the position. But what about the melanism in the family .Fg con- 
taining the mosaics ? Does the melanism there behave normally in 
future crosses or do more mosaics appear ? To test this severab matings 
were made between pure T. histortat<^ on the one hand, and true 
melanics and types from the abnormal lot on the other. The result 
is shown in Table VII. 

TABLE VIL . 





Melanics 



Types 





Type 


- ^ 


. - . — 



Expected 

Actual 

Family 

of Mating 

Males 

Females 

Totals 

Males 

Females 

Totals 

Ratio 

Ratio 

-^2 ^8 ? x bist. ^ 

MM X mm 

51 

64 

105 

— 

— 

— ' 

f All 
{melanics 

All 

melanics 

•Fa ^8 $ X bist. ^ 

Mm X mm 

14 

15 

29 

16 

16 

32 

1 : 1 

1 : 1-1 

Fa Fg $ X l)ist ^ 

mm X mm 

— 

— 

— 

47 

43 

90 

All types 

All types 

hist. $ 

mm X Mm 

15 

19 

34 

17 

15 

32 

1:1 

1 : *95 


Everything here shows that melanism, once it has escaped drastic 
change during the gametogenesis of the crepuscularia $ x histor- 
tata^ hybrids, displays nothing unusuabin its inheritance, although it 
IS perfectly clear that some of the F^ insects employed had been hetero- 
zygous, and others homozygous, for melanism. Nevertheless, to clinch 
matters members of the brood set out first in Table VII were inbred, 
yielding as a result 87 insects, 66 melanics and 21 types, in other 
words, complete agreement with Mendelian anticipations. 

To demonstrate further that melanism, in generations later than 
hybrids of the order, as well as in extracted types^ from various 
sources, presented no anomalies in heredity the following complex 
crosses, giving the figures in Table VIII, were made : 

(m) type $ x $ x Dg type . 

(ra) (A ? X -Dj cf ) type ? x A(cr ? x hi^ </) </ (type). 

(o) {hi^ ? X A cD type ? x cr^. 

{type ? {exo) X ACW** ¥ ><c(ic/')(/}type $ x(e ¥ x Acf)typec/'. 

* double-brooded ; b£®=single-1)rooded Mstortata; er^ crepuscularia 

type; cd= crepuscularia r&x. delamermsis* 


^ Table Xl should also be consulted. 
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(g) it** $ x (e $ X 1)5 (/)(/' (melanie). 

(r) (Ds ? X Fi (/) melanic ? x (Dg $ xW^^) typej/'. 

(s) (Ds ? xDoc/')type$ xF-y(bi^% x cc? cf) melanic </. 

{t) W $ X {0 type ? xDi(W‘* $ xcdcf)^^} type(/. 

(w) e melanic $ X (6i'* $ X DjcT) type cf- 
(■y) {bi^ ^ xDeJ') type ^ x heterozygous cdl. 

(w) (W'* $ X Djcf) type'$ xbi^J'. 

(x) 0 type $ X Di (it** $ X ct^cf) melanic (/. 

(y) (e J x Ds </*) melanic $ X 61"^ cf. 

TABLE VIIL 

Miscellaneous crosses showing the further hehaviour of melanics and extracted types* 

Melanies Streaks Types 

Type — ^ ' — -—-s — Expected Actual 


Family 

of Mating 

Males 

Females 

Totals 

Males 

Females 

Totals 

Males 

Females 

Totals 

Ratio 

Ratio 

m 

mrwxmm 

— 

— 


. — 

— 

— 

50 

25 

75 

J All 

1 types 
f All 
(types 

All 

types 

All 

types 

n 

mmxmm 

— 

— • 

— 

■■ 

— 

— 

27 

24 

51 

0 

mm X mm 

' — • ■ 

— 

— 

— 

— 

— 

38 

17 

55 

1 All 
( types 

All 

types 


mm X mm 


' :■ : 

— 

— 

— 

— 

29 

26 

55 

( All 
(types 

All 

types 


mm X Mm 

19 

9 

28 

, — ■ ■ ' 



16 

7 

23 

1 : 1 

1*2 : 1 

T 

Mm X mm 

8 

12 

20 

. 

— . 

'■ ^ 

9 

7 

16 

1 ; 1 

1*2 :1 

s 

mmxMm 

10 

5 

15 

— — # ■ . 

^ — . 



12 

5 

17 

1 : 1 

*89 : 1 

t 

mm X mm 

■ ,, 

. , 


— : 


■■■■ — 

29 

19 

48 

J All 

1 types 

All 

types 

u 

Mm X mm 

18 

17 

35 

; — 


. .. — 

16 

13 

29 

1 : 1 

1*2 : 1 

r 

mm X Mm 

11 

7 

18 



'■ ■' 

12 

8 

20 

1 : 1 

1 : 1*1 

w 

mm X mm 





— 


68 

59 

127 

f All 
(types 

All 

types 

St 

mm X Mm 

24 

20 

44 


■■ ■ ■ 


24 

17 

41 

1 :1 

1 :1 

y 

Mm X mm 

19 

18 

37 




18 

13 

31 

1 :1 

1*1 : 1 


Once again, to judge from the table, melanism must be regarded as 
a Mendelian unit-character dominant to the type, acting quite typically 
in generations later than the lots. 


The Genetical BEHAvioaR of the Mosaics. 

In general, most of the examples of the new variety gave one the 
idea that they formed a very rough mosaic of the two main forms. In 
others, on the contrary, so fine and regular was the coloration, and so 
brown in tone the melanin to which the colour was due, that one 
could almost regard the motifs as dilute blacks comparable with the 
dilute colours encountered in various other animals. This was the 
first indication that I was possibly dealing with the spontaneous 
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development of the third member of a series of multiple allelomorphs 
for colour. 

To test the point, a nicely tnarked average female specimen was 
paired up with a second brood T. male, and^ similarly, a 

mosaic female, with the division between the typical and the melanic 
portions of the wing and body areas sharply marked, was mated with a 
heterozygous Fi hybrid from Dg. The results, given in Table IX, lend 
complete support to the view that the new character “streak”^ (mosaic) 
forms a simple allelomorph, dominant to the type and recessive to 
black, for we obtain nothing but such streaks and types in the first test 
brood, and melanics, streaks and types io» the second, 

TABLE IX. 


Family of M^iug 
hist, ^ j Sm xmm 


Melanics 

JL 



Streaks 



Types 


Actual 

Eatio 

Males Females Totals 

Males Females Totals 

Males 

Females Totals KaUo 


— 

26 

21 

46 

24 

26 

50 1:1 

1 : 1*08 

16 24 

40 

13 

10 

23 

11 

11 

22 2 : 1:1 

1 * 8:1 :1 


Hence these blotched moths, although heterozygous for their own 
colour, are certainly not so for melanism. 

Although five-sixths of the first-mentioned batch emerged during 
the winter, enough examples were reared in the succeeding spring to 
enable the enquiry to be pushed further; unfortunately such was not 

possible with the second family J^ 2 l ^8 ? >< -^1 Ac/* ^ 

Bearing in mind that the former lot had the parentage F^Xcrepus- 
culariaYa,T,delamerensis $ x bistortata ^ x bistortata , let us denote 
it for ease in reference us E in the typical insects, and as A in the 
streaks. Then, on the basis of this notation, the following new pairings 
were made, viz. xE^, A? ^ E% x Ac/> A? x Ac/ (l^^o 
families), A ? x (e$ x Ac/) c/ lastly, A ? x heterozygous crepus- 
cularia var. delamerensis from Staffordshire. In every instance fertile 
ova were secured, and the larvae from them, owing to their early emer- 
gence, fed up on hawthorn throughout, beginning when the leaves \vere 
young and tender and ending when they were old and tough. Little loss 
was experienced as the experiment proceeded, and the pupae obtained 
were followed in due course by the imagines. Table X contains the 
essential data concerning these. 

As can be seen, the facts are in full accordance with the hypothesis 
that we are concerned with a series of multiple allelomorphs, AT, S, 

^ Since the first specimen I reared was streaked rather than blotched I prefer to 
designate the character as “ streak,” thereby avoiding any ambiguity when one expresses 
the allelomorphic series symbolically. 
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TABLE X. 


To show the inheritance of streah 
Melanies Streaks Types 


Family 

Type of 
Mating 

Males Females 

Totals 

^ 

Males Females Totals 

Males 

I 

Females Totals 

Expected 

Eatio 

Actual 

Eatio 

M f^ xE ^ 

77imxmni 

-- 

— 

— 

— 


— 

53 

62 

115 

f All 
{types 

All 

types 

Ei^xE (J 

Sm X 7nm 

. — 

— 

— 

27 

30 

57 

32 

28 

60 

1:1 

1 : 1*05 

E^xEiS 

7nm X Sm 

— 

— 

— 

46 

41 

87 

37 

43 

80 

1 : 1 

1 : -9 

■El ? X El (? 

SmxSm 

— 

— 

— 

29 

2o 

54 

7 

12 

19 

3 : 1 

2-8 : 1 

El 9 x Ei^ 

Sm X 8771 

— 

— 

__ 

40 

33 

73 

8 

10 

18 

3:1 

4 : 1 

Ei9 x(e9xl 

El 9 xdel. S 

S m X Mm 

24 

12 

36 

8 

10 

18 

12 

4 

16 

2:1:1 

2: l:-9 

S771 X Mm 

29 

32 

61 

14 

18 

32 

10 

9 

19 

2:1:1 

2:1:6. 


and m, corresponding to the flielanic, streak, and type characters re- 
spectively* To secure further proof of its validity new pairings were 
made — a procedure rendered the more urgent by the presence in family 
{Ei% X crepuscularia var. delameremis f) of moths so pale that I 
described them in my notes as “nearly” types* The parentages of 
these additional cultures were as follows : 

(I) “Nearly ” type $ 5 X ccZcT) X type (/ (same origin). 

(II) Streak ? (eoc x E^f) x Streak </ (same origin). 

(III) Type bi^ $ x Streak / {ex x Eif). 

(IV) $ x Streakcf xJ5?(/). 

(V) $ x Melanie </ (e^r ? X (/). 

(VI) Melanie J’i (cd ? x?)i^(/) % x {E,% x ed f) 

(VII) Type ?(e^Jg^i?x J?i(/)x Streak (/ (^ xEf), 

C VIII) Melanie $ {ex E^ | x cd f)x Melanie (same origin). 

(IX) ^ x {cd $ X bi^ (/) (/] $ x ] type $ x Streak f {ex 

xJe^(/). 

(X) Type 5 (ex E^ xEif)x Streak (/ {ex Ei^ x E f'), 

(XI) Streak $ {ex E^ x E^f) x Melanie f {ex Ei^ xedf"). 

(XII) hi^ ^ X type f {ex Ei% x Eff). 

(XIII) Type $ {ex E-^ ? x Ef^) x type f {ex E% x Ef ). 

(XIV) ? X Streak (/ (e^r IV). 

(XV) Streak $ XIV) xi#c/. 

(XVI) Type % {ex XIV) x 

(XVII) Type % {ex N ^ X cr(/) x Melanie f {ex Ei% x cd c/). 
(XVIII) {bi^ ? (Kent) x bi^ f (Hants)} $ x Streak (/ {ex IX). 

(XIX) Streak ? {ex TVJI)XW ? (Kent) x bi^f (Hants)} f. 

(XX) Streak $ {ex XIV) x {bi^ 5 (Kent) x bi^ </ (Hants)} f. 

(XXI) Type $ {ex Ei^ x E^f) x type f {ex q). 



J. W. Heslop Harrison 


343 


Again the broods attained maturity but in this case, since hawthorn 
was then hopelessly unpalatable, the substitute food, knotgrass, was 
supplied to the larvae. Table XI contains all the necessary infor- 
mation as to the wing colour and sex of the various families, and offers 
full confirmation of the hypothesis, just put forward, on the genetical 
relation of “streak'' to melanic and type. It also shows, incidentally, 
that the “nearly” type melanics behaved genetically like their fully 
pigmented relatives. 

TABLE XL 

Additional families showing inheritance of Btreak. 

Melanics Streaks Types • 


Family 

Type of 
Mating 

Males Females 

Totals 

Males 

Females 

Totals 

Males 

Females 

— Firoected 
Totals JBatio 

Actual 

Eatio 

I 

Mm X mm 

11 

7 

18 







5 

12 

17 

1 :1 

1 : 1 

II 

Sm X iS'm 

^ — 





31 

22 

53 

12 

6 

18 

3:1 

2-9 : 1 

III 

mm X SS 


— 


40 

45 

85 

‘— 


— 

f All 
i streaks 

All 

streaks 

IV 

mm X 8m 

— 

— 

— 

34 

27 

61 

35 

32 

67 

1 : 1 

1 : 1*1 

V 

mm xMS 

33 

15 

48 

31 

23 

54 

. — 

— , 

— 

1 : 1 

1 : 1*1 

VI 

Mm X MS 

54 

42 

96 

17 

17 

34 





— 

3 :1 

2*8 ; 1 

VII 

mm X Sm 

— 

— 

— 

14 

15 

29 

17 

14 

31 

1 : 1 

1 : 1*1 

VIII 

MS X MS 

14 

16 

30 

5 

7 

12 



- 


3:1 

2-5 : 1 

IX 

mm X S711 

— 

■ — 

. 

25 

24 

49 

22 

16 

38 

1 : 1 

1-3 : 1 

X 

mm X Srn 

: — 

— 

— 

4 

7 

11 

8 

9 

17 

1 : 1 

1: P5 

XI 

Sm xMm 

11 

11 

22 

5 

7 

12 

5 

3 

8 

2:1:1 

2:ia:«^ 

XII 

mm xmvi 

— 

— 


— 


— 

46 

49 

95 

/ All 
i types 
j All 
[ types 

All 

types 

XIII 

mm x mm 

— 

— 

— 

— 

— 

* 

32 

27 

59 

All 

types 

XIV 

mm X Sm 

— 

— 


25 

24 

49 

34 

25 

59 

1 : 1 

1 : 1*2 

XV 

Sm xmm 

— 

— : ' 


15 

11 

26 

12 

11 

23 

1 : 1 

1-1 : 1 

XVI 

mm X mm 

— 






43 

35 

78 

f All 

All 

XVII 








t types 

types 

mm xMS 

11 

17 

28 

17 

15 

32 

— 

: 



1 : 1 

1 : 1-1 

XVIII 

mm X Sm 

— 

— 

— 

8 

7 

15 

6 

6 

12 

1 : 1 

1*2 : 1 

XIX 

Sm- xmm 

— 

— 

— 

10 

10 

20 

11 

8 

19 

1 : 1 

1 : 1 

XX 

Sm xmm 

— 

; — , 

— 

9 

13 

22 

14 

14 

28 

1 : 1 

1 :1*25 

XXI 

mm xmm 







49 

41 

90 

f All 

All 









{types 

types 


Nevertheless, to obtain further evidence, a streak male, taken from 
brood IV, was in turn mated back on T, histortata. This once more 
gave rise to streaks and types in equal numbers. This procedure was 
repeated a fifth time by mating a streak from this last-named batch 
with a type male bred from a cross between two southern races (from 
Kent and Hampshire respectively) of when again the same 

ratio arose... ; 

Next season this was carried out a* sixth, and yet a seventh time, 
with exactly the same result. Not only was this so, but in addition, 
types chosen from the former family were mated inter se^ and so were 
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streaks. Moreover, streaks were paired with types of the same origin, 
with typical T. Grepuscidaria, and with a female of the cross between 
ore'pusGularia (type) female md bistortata msle. A glance at Table XII 
will disclose the condition of the batches bred. 

TABLE XII 


Streaks Types 


Family 

Type of 
Mating 

Males 

Females 

Totals 

Males 

Females 

Totals 

Expected 

Eatio 

Actual 

Eatio 

XXII 

(XX ^ x Ust. ... 

Sm X mm 

32 

27 

59 

28 

25 

53 

1:1 

1-1 ; 1 

XXIII 
(XXII $ X but, 

... Sm X7nm 

14 

15 

29 

19 

15 

34 

1 : 1 

•86 : 1 

'■ '■ XXIV' 

{XX 9 X crep, ... 

... Sm xmm 

10 

4 


9 

2. 

11 

1 : 1 

1-2 : 1 

XXV 

(XXII § X xxn 

... mm xmm 

■ 

, — 

— 

59 

50 

109 

f All 

1 types 

All 

types 

XXVI 

(xxii $ X xxn 

. . , Sm X Sm 

26 

22 

48 

10 

7 

17 

3 : 1 

2 ’82 : 1 

XXVII 

(xxir$ X xxn 

... mm xBm 

17 

19 

36 

19 

13 

32 

1 : 1 

1-1 : 1 

XXVIII 

Fi (cr. $ X li"* ^ $ X XXII ^ mm x Sm 

27 

21 

48 

29 

16 

45 

1:1 

1 : 1 


Thns, after no less than seven^ passage infections/’ as it were, the 
streak pattern emerges jnst as^ it was originally introduced, and ex- 
hibits normal Mendelian behaviour throughout. 


OoNCLUDiKG Remarks. 

We have discovered, during the work described in the foregoing 
pages, that new experiments, intended to cast light on abnormalities in 
the inheritance of melanism in interspecific crosses between Tephrosia 
histortata and T. crepuscidaria var. delamereims, have themselves given 
rise to results comparable with the earlier ones yet not the same. In 
the 1920 work, two generations of crepuscularia x histortata hybrids 
included a long range of nondescript insects, or rather insects only 
describable as individuals. In the latest series, however, whilst we still 
have an apparent failure of clean cut segregation, the variation is far 
from being so chaotic. Instead, there has developed in a number of 
the F 2 crepusGularia var. delamerensis $ x histortata hybrids, which 
ought to have been melanics,'^an extremely curious modification in 

1 Another brood, reared by pairing a female streak from family XXIII with a histor- 
ata attained maturity in July 1923 and yielded 17 streaks and 20 types. 
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wing colour and pattern. Sharply contrasting with this/ except perhaps 
that in occasional broods, types manifested themselves in greater 
numbers ttan theory demanded, the crosses originating with Mstortata 
females and crepuscularia males reveal melanism acting as a simple 
Mendelian dominant. Such, too, is the state of affairs in the back crosses in 
which oil Fi (crepusoularia delamerensis ? x bistortata (f ) male tokes 
part, and in broods of more or less complex type derived from the true 
melanics in the jPq generation of the same parentage. These several 
lots, yielding results in perfect harmony with one's anticipations, need 
not detain us longer. 

On the contrary, the occurrence of s-teeaked and blotched forms calls 
for very careful treatment, and this we shall commence by considering 
the insects with which the research began. 

Since “streak” was found to be dominant over type, and recessive 
to black, two facts are clear at once: (1) that it could not be inherited 
from type insects, (2) that the melanic parent might have been hetero- 
zygous for streak. That the latter was not the case was demonstrated 
by the long series of crosses made between types and brothers and 
sisters of the black parent. The offspring of such unions was invariably 
melanic. Hence their dark parents and their sister were homozygous 
for melanism, and streak did not therefore enter into their genetic 
constitution. 

In dealing with the original experiments, I insisted that the observed 
conditions arose through accidents and incidents in gametogenesis 
induced by the circumstance that we were studying hybrids in the 
wider sehse, i.e., those produced by mating parents appertaining to 
distinct Linnaean species. Unhesitatingly, I assign the presence of 
streaked, or rather of mosaic insects, in the affected Fj, broods to the 
same causes, so that no necessity arises for the repetition of the argu- 
ments employed there. 

We seem compelled to admit that the new character must have 
originated from some change in the determiner for melanism, and this 
in itself ought to make us pause before placing it in the colour series 
of allelomorphs. Let us assume, therefore, that despite the breeding 
evidence, “ streak " is not a genuine member of such a group of multiple 
allelomorphs. On that basis several explanations of its nature lie open, 
and these we shall proceed to discuss one by one, 

(1) Explanations may be sought oU the simple basis of a possible 
contamination of the gene for melanism brought about during contact 
with that for its allelomorph. 
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If gametic contamination accounted in full for the circumstances, 
then difficulties at once present themselves. In particular, the con- 
dition of the later broods, coupled with the fact that streak, after seven 
crossings with typical bistortata, emerged as it entered, shows that 
such contamination must have ceased with the gametogenesis of the 
insects and stabilised itself at the grade then attained. Furthermore, 
against the correctness of that view many forceful arguments can be 
employed. If the gene for melanism has been modified by contact 
with its allelomorph it seems strange, firstly, that the action was not 
reciprocal, as the advent of types in their wonted numbers conclusively 
proved, secondly, that a relatively small number of similar determiners 
was affected, and, lastly, that similar genes in the bistortata $ x crepus- 
cularia var. delamerensis batches exhibited no parallel change. 

In any case, if this be the actual basis of streak, the position we 
have reached is that a third member falling into a series of recognised 
allelomorphs may arise in such a way, and the bedrock fact, that it is 
an allelomorph, is not altered in the slightest. 

(2) Modifying factors capable of destroying the purity of the 
melanism secured by the action of the main gene may be at work. 

Such factors as are here postulated may conceivably have originated 
in different ways. They may have arisen de novo during hybrid game- 
togenesis, or they may have been complementary, or other ones brought- 
into collaboration in one of theliew combinations rendered possible by 
hybridisation. Since either origin is possible and neither can be de- 
finitely proved or disproved, the matter must be argued out in a general 
sort of manner. But let us be careful at this stage to note that, if the 
modifiers are quite new, then it is equally feasible for us to regard a 
single determiner for streak as new — a much more likely position. 

Be the origin of these hypothetical determiners what it may, we have 
two additional possibilities to take into consideration. The accessory 
genes may be linked to that for melanism or they may act quite inde- 
pendently. If they segregate irrespective of the course taken by the 
main factor then, by crosses with typical insects selected from various 
sources, one ought to be able to detach them. In that event, sooner or 
later, pure melanics should crop up. Since black insects have never 
put in an appearance, although many broods of the nature stipulated 
have been bred, the notion of such independent modifiers may be 
dismissed. 

On the other hand, if the suggested modifiers be linked directly to 
the chief factor, or the two act in unison with some common structure, 
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then their detection, or definite proof of their absence, would prove 
exceedingly diflScult. Should, however, the strength of the linkage, 
although very great, be not perfect then, through the influence of some 
agency like the process known familiarly as crossing-over ” whenever 
the principal gene for melanism separated from its modifiers, melanics 
should occur. Again, one can only urge that never, throughout an 
abundance of broods, have such unexpected melanics appeared. Thus, 
once more, we are reduced to regarding the position of streak as a new 
allelomorph or something indistinguishable therefrom. 

(3) A loss of a distributing factor, the effect of which was to secure 
the even distribution of the black pigment, would account for the 
facts. 

In this case, too, such a factor may be independent or linked with 
that for melanism. In the former event, then, breeding experiments of 
many types would have led previously to its detachment and detection ; 
in the latter, under ordinary circumstances, the linkage must have 
been absolute, for no ordinary intraspecific pairings between types and 
melanics have ever served to separate the two. Only the far-reaching 
effects of interspecific hybridity seem to have been potent enough to 
bring about the excessively rare “ crosses-over ” responsible for the mani- 
festation of a streak. In any case the position is indistinguishable from 
that of the presence of a new allelomorph. 

(4) The development of streak may, conceivably, be the pheno- 
typical expression of the non-disjunction of the determiners for wing 
coloration in the F-i gametogenesis, with subsequent irregularities in 
somatic mitoses in i ^2 ^nd later insects. 

In the gametogenesis of the crepuscii laria var. delamerensis $ x hisior- 
tata hybrids we know, from cytological examination, that imperfect re- 
duction divisions occur in which certain of the chromosomes pass undivided 
to one pole of the maturation spindle. If the chromosomes acting in this 
fashion include the homologous pair carrying the genes for wing colour, 
then there arises a case of non- disjunction leading to the production of 
gametes bearing such chromosomes in duplicate. As far as these genes 
are concerned, therefore, they may be regarded as being of the composition 
Mm, Such gametes may fuse in fertilisation with the further trio, M, 
m and Mm (all of which are of possible occurrence in such hybrids), 
thereby- yielding the zygotes MMu, Mmm and MMmm, If mitotic 
irregularities take place in the somatic cells of such zygotes, through 
the mechanical interference of the massed homologues, so that somatic 
non-disjunction occurs, then mosaics like our streaks would result. But, 
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in this event, recognising that not a single portion of the external 
surface of the affected insects is free from the mosaic effect, we must 
grant that the internal cells likewise will be subject to" the same 
phenomenon. " With such cells we must class the oogonia and sperma- 
togonia, If we admit this, as seems reasonable, then sooner or later, in 
greater quantity or small, gametes purely of type M are bound to arise 
so that in the next cross with type insects melanics should appear. 
However, when we examine the many examples of such broods open to 
inspection, we perceive, as was pointed out before, that not a single 
family includes a melanic. Hence, unless the behaviour of the homo- 
logous chromosomes is perfect m the primordial germ cells and irregular 
in those of the soma— an almost inconceivable^ position— non-disjunction 
fails to account satisfactorily for the presence of the streaks, or for the 
regularity of the inheritance of the form. 

To sum up, all of the above hypotheses seem more cumbrous than 
the one of assuming that the unit character melanism has been so 
changed, and changed permanently, that w^e have now" a third allelo- 
morph to add to the former pair of melanic and type. To conclude 
otherwise would be to introduce complexity where simplicity suflSces. 

Granting this, then the gene in question produces effects similar to 
those responsible for piebald patterns studied in guinea pigs by Ibsen 
and in rabbits by Castle, and to those investigated by Baur and others, 
giving rise to variegation im Lychnis,' Antirrhinum and Aquilegia 
amongst the plants. Never at any stage do the experiments give indi- 
cations of parallelism in genetic behaviour between ‘^streak” in my 
insects and “ patch '' in Punnett’s sweet peas. 

There remain now for discussion the last two families in Table V E. 
In the first of these an Fj (crepuscularia var. delamerensis $ (homo- 
zygous) x </ ) female, apparently a melanic, and therefore of 

formula Mm, w^as mated to a pure bistortata male certainly of con- 
stitution mm. According to Mendelian expectation their progeny should 

^ In connection with this, however, it mnst be remembered, as demonstrated by 
Hegner and others, that, in the early cleavage stages of certain insects like Miastor and 
Chironomus the cleavage nucleus or nuclei encountering the granules of the pole disc, or 
the sO'Called germ cell determinants, segregate as the primordial germ cells, and again 
that such germ cells, and those arising from them, are not subject to the chromatin 
diminution process observed in those nuclei destined to give rise to the blastoderm layer. 
In other words, it may be possible that' the function of the germ cell determinant is to 
regulate as far as possible the behaviour of the chromosomes, and that, therefore, differ- 
ences in behaviour in the matter of non-disjunction in the descendants of the two sets of 
cells are to be regarded as within the bounds of possibility. 
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inplude equal numbers of types and heterozygous melanics. Instead, we 
ha¥e 106 types and, in addition/ 1 melanic and 1 mosaic or streak. 
In the oth^r instance we observe a diametrically opposed phenomenon ; 
a female of similar parentage (save that the original crepusoularia var. 
delamerensis female had been heterozygous for melanism), and seemingly 
a type of build mm, crossed with a bistortata male, likewise of com- 
position mm, produced 56 melanics and 19 types in place of the antici- 
pated wholly type brood. 

How can such anomalies have arisen ? Considering the ratio of 
melanics to types in family $ x bistortata we seem rather to be 
concerned with the ratio obtained in a dihybrid back cross than with a 
monohybrid ratio, i.e. it approximates 3 : 1 instead of 1: 1. In this 
fact seems to lie the solution of the problem, for, comparing these 
figures with those given by Nilsson-Ehle in his work on grain colour,' 
or with ShuHs for duplicate genes for capsule form in Gapsella bursa- 
and taking due cognisance of the point that ours is a back 
cross, we have at once impressed on us the fact that the workings of 
a system of duplicate genes for wing colour would account for our 
observations. 

But again it will be urged, how can this be when, phenotypically, 
the female parent, in whose ancestry melanism alone occurs, was a 
type ? Let us suppose that, at the first cleavage division in the fertilised 
egg from which this female proceededy the chromosome bearing the 
gene for melanism, after division, so behaved that the split halves were 
included in one daughter nucleus. The immediate effect would be to 
generate nuclei incapable of setting up melanism as well as others 
carrying the determiners for that character in duplicate. If the former 
gave rise to the blastomeres, and the latter to the primordial germ cells, 
then we should possess a zygote phenotypically a type but genotypically 
of melanic powers. Not only is this insect thus constituted germinally 
but, in addition, the nuclei of its germ cells before maturation would 
be endowed with three homologous chromosomes, two bearing the gene 
for melanism and the other without. On gametogenesis this insect 
would produce the gametes MM, Mm, M and m, the actual numbers of 
each depending upon the path pursued by the odd chromosome, and 
whether or not it divides. In any event, we should have an excess of 
gametes capable of inducing melanism, and that despite the fact that 
the insect developing them is phenotypically a type. Any moth so 
constituted, when paired with ordinary bistortata, must yield a large 
excess of melanics precisely as seen in the experiment. 
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And in the foregoing, I think, lies the correct explanation of the 
family % x bistortata , and of the genetic behaviour of Castle’s 
non-transmissible tricolour pattern in rats. 

The very tempting assumption that we have here an extreme phase 
of the mosaic condition must be cast aside, for such an insect would be 
genetically a mosaic as breeding tests with “ almost ’’ type mosaics 
conclusively prove. For the phenomena seen in family ^ x bistor- 
tata cT the same explanation seems to be adequate except that the 
mitotic dislocation postulated by the scheme must be of the reverse 
order, i.e, that the cleavage nuclei taking part in blastoderm formation 
must have been descended froijf those in which the genes for melanism 
were duplicated, or otherwise, that the chromosome proceeding ab- 
normally, or occurring in duplicate in the primordial germ cells, must 
have been the homologue void of such determiners. 

If, as seems likely, this supplies a correct view of the second brood, 
then the presence of a melanic, as well as of a mosaic, proves that the 
accident giving rise to the circumstances described must have occurred 
at a period allowing of the inclusion within the segregating primordial 
germ cells of a few, or at least one, of the cleavage nuclei furnished 
with the genes for melanism. 

This view affords indirect evidence, that mitotic abnormalities ad- 
mitting of the duplication of homologous chromosomes, and therefore 
of genes, cannot account for the advent of streaks ; and, we are drivep 
to look for their origin in a direct, change in the determiner for melanism 
itself. 

Summary. 

(1) Further investigations into the inheritance of melanism in the 
interspecific crosses between Tephrosia crepuscularia var. delameremis 
female and T, bistortata male reveal, as previously, a failure in the 3 : 1 
ratio in the generation of such hybrids. 

(2) Unlike what occurred in the early cross, no great spread of 
variation was encountered in the F^ insects. 

(3) Instead of types and melanics the F 2 brood included types, 
streaks (mosaics) and melanics. 

(4) The character '‘streak,’^ when tested by means of breeding 
experiments, proved to form^. with melanism and type, a series of 
multiple allelomorphs with three members. 

(5) Streak is dominant to type and recessive to melanism. 
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(6) This character originated through a degradation of the gene 
for melanism during interspecific crossing. 

(7) Unit-characters are therefore not constant under all conditions. 

(8) In the cross between histoviata female and crepusoularia tax. 

delamerensis maleyrnd others in which this hybrid was concerned, in 
back crosses and other broods involving melanic (crepusmlaria 
delamerensis $ x bistortata<f ) males, and in complex crosses in which 
the true melanics of the jPg (crepuscularia var. delamerensis $ x bistor- 
iatacf) participated, the inheritance of melanism was of the usual 
simple Mendelian type. ^ 

(9) Certain back crosses bet ween {crepusc ularia var. delamerensis ^ 

X cf ) females and bistortata males gave rise to extremely 

aberrant ratios. 

EXPLANATION OF PLATE XVI 11. 

Figs. 1 and 2. Male and female T. crepuseularia var. delamerensis. (The female is the 
ancestress of all the streak ” broods.) 

Figs. 3 and 4. Male and female bivoltine T, Hstortatai 1st brood. 

Figs. 5 and 6. „ „ „ ,, 2nd brood. 

Fig. 9. Male “streak ” from family FgDg. 

Fig. 10. ,, >j j> FiDsx T. bistortata^, 

Fig- 11. „ „ „ 

Fig. 12. Female “ streak ” from family IV. 

Fig. 13. „ „ „ XXIII. 

Fig. 14. „ ,, „ XXVI. 
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THE PHENOMENON OF MUTUAL AVERSION 
BETWEEN MONO-SPORE MYCELIA OF THE 
SAME FUNGUS {DIAPORTHE FERNICIOSA; 
MAROHAL). WITH A DISCUSSION OF SEX- 
HETEROTHALLISM IN FUNGI, 

By DOROTHY 

(John Innes Horticultural Institution, Merton, Wimhledon). 

(With Plates XIX, XX and Three Charts.) 

Preliminary Rote. 

Dxjeing the investigation into the life history of Diaporthe perni- 
ciosa (Marchal), a fungus which gives rise to a rapid wilt and ''die-back^' 
of stone fruits in this country, a new phenomenon has been observed, 
namely that of mutual aversion of certain monospore cultures of this 
organism when grown together on artificial media. So far as is known 
to the writer, this phenomenon of aversiofi between colonies of the same 
fungus has not been recorded hitherto^, and although the investigation 
is far from complete, the results, as far as they go, were thought to be of 
sufficient interest to allow of the publication of this preliminary note. 

Diaporthe perniciosa was first isolated by Marchal (18) while working 
on rots of stored fruits in Belgium, and an organism, morphologically 
similar, has been found to be one of the causal organisms of wilt and 
^'die-back’’ of stone fruit trees in this country. A specimen of ''die- 
back’’ and a pure culture of Hiaporthe from plum were submitted to 
Professor Marchal, and he is of the opinion that the two organisms are 
the same. Inoculation experiments have shown that Diaporthe from 
•stone fruits can cause rot of apples very similar to the rot caused by a 
pure culture of Diaporthe obtained from Professor Marchal. 

^ Since the above was in manuscript a paper by Dodge (10) has been brought to my 
notice in which he mentions that mono-spore straii^s of Ascobolus magnificiis of the same 
sex, and also pieces of mycelium of the same mono-spore strain when combined together 
will not meet, and “there is a narrow region which remains comparatively free from 
hyphae as though there was antagonism or repulsion between the two.” 
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The observations recorded in this communication were made on 
D. perniciosa isolated from diseased tissues of stone fruit trees. 

D. perniciosa is an Ascomycete, belonging to the Valsaceae group of 
the Sphaeriales, and has two distinct stages, (1) the pycnidial or PAe- 
mopsis stage and (2) the perithecial or FaZsa stage b 

The pycnidia are formed under the bark of the host, and contain two 
kinds of spores, the oval viable ''a’' spores, as designated by Diedicke(9) 
and the filiform, non-viable, or '' b '' spores. 

There is considerable divergence of opinion as to whether the 
spores are typical spores, or only paraphyses or “basides ’' as held by 
Marchal. Eepeated attempts fo germinate these “ 6” spores have failed, 
and as far as can be seen they do not appear to have any definite 
nucleus. In P. perniciosa the spores are formed first, later both 

” and '‘6’' spores are present in the same pycnidium and finally “ a 
spores only. 

The perithecia either develop in th"e same stroma as the pycnidia, or 
independently in the more deeply seated cortical tissues of the host. 
The perithecia contain numerous asci with eight bicellular ascospores. 

The pycnidia ^nd the necks of the perithecia burst through the 
bark, forming lenticeldike slits. 

Considerable difficulty has been experienced in inducing D. perniciosa 
to pass through all the stages of its life cycle in pure culture on an 
artificial medium. Cultures from mass infections with pycnospores, and 
mono-pycnospore cultures develop the typical pycnidial stage with a'' 
and “ h ” spores very readily on a number of different media, but typical 
perithecia have only been found in three pycnospore cultures, one of 
which was a mono-spore culture, and then only sparingly after many 
months' growth. Inoculations with this mono-spore culture have given 
rise to typical '' die-back " of plum, and this strain has developed peri- 
thecia freely on the host plant. 

Ascospore cultures, on the other hand, have given very variable 
results. Among mass platings of ascospores, some gave the typical 
pycnidial stage with and “6" spores, others developed perithecia 
only. Mono-ascospore cultures develop perithecia in large numbers, but 
few or no pycnidia, and if pycnidia occur at all they contain rather 
undersized oval spores; no filiform spores have been found in mono- 
ascospore cultuz'es. 

It was concluded from tfiese results that D. perniciosa might be 

1 A full description of the morphological characters of the fungus is given in' a paper 
on “ die-bach'’ disease of stone fruits. Annals of A^pp, Biol, Yol. x. No. 2, 1923. 
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heterothallic, two strains being necessary to enable the fungus to com- 
plete all the stages of its life history in pure culture. 

A considerable number of mono-ascospore cultures were then isolated. 

Technique. 

The technique employed for the isolation of all the mono-spore 
cultures was that elaborated by Carl de la Eue(8) as follows: SufiScient 
30 7o gelatine is poured into a petri dish to form a thin film about 1mm. 
deep and allowed to solidify. Then five or six drops of sterile distilled 
water are placed at intervals on the surface of the gelatine. The drops 
of water should roll on the surface if ibhe gelatine is in the right con- 
dition of firmness. A platinum loop-full of a dilute suspension of spores 
is then placed in each drop, and the drops spread thoroughly over the 
surface of the gelatine with a sterile glass spreader. A dummy objective 
marker, as designed by C. de la Kue, with an aperture of a 1/6 objective, 
is then fixed to the triple nose-piece of the microscope, after having been 
previously dipped in alcohol and flamed The gelatine plate can be 
examined under a low power, and when a field is found containing a 
single spore, the nose-piece is swung round and the marker gently pressed 
into the gelatine. The field is then re-examined to see that no other 
spores are present in the circle marked, before the circle is picked out 
under a lens with a small sterile platinum loop and transferred to a slope 
of culture medium. The dummy objective must be flamed and allowed 
to cool between each spore. 

When the mono-spore cultures have grown, pieces of mycelium of 
two, or at the most three, separate cultures can be placed on a plate of 
solid culture medium and grown on together in an incubator. 

In some combinations it was found that the resulting colonies grew 
across the plate and intermingled freely (H. XIX, figs. 1, 3, 4, 7); but 
others showed a definite aversion, leaving a well-defined line of demar- 
cation between the colonies (Pis. XIX and XX), In bhe latter case the 
growth of the surface mycelium is arrested along the line of demarcation, 
and although at first the hyphae submerged in the medium intermingle, 
later they become disorganised and finally die out. A thick-walled 
stromatic protective growth of mycelium forms at the edge of each 
colony on either side along the line of demarcation, in some cases accom- 
panied by discoloration of the medium (PI. XX, fig. 9). After a time the 
agar dries out and cracks along the lin'e. 

If two pieces of mycelium frona one and the same averting mono- 
spore strain are tested together, the colonies will intermingle and show 
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no aversion (PL XIX, figs. 1, 3). If two or three different mono-spore 
mycelia are grown in the same plate, they may either meet— if ail the 
strains are alike-— (PL XIX, figs, 1 , 3, 4, 7) ; or, two will meet and a third 
show aversion to the other two (PL XIX, figs. 5, 6, 8, 9) ; or, in some cases, 
there will be a general aversion between all three colonies (PL XX , 
figs. 2-6). 

Since two pieces of mycelium from the same strain will meet when 
grown together on the same plate, although that strain has shown 
aversion towards other strains, and since one colony on a plate can show 
aversion towards two other colonies which meet, all three of which have 
been isolated from the same hoiet, like must meet like, and unlike show 
aversion to unlike. For the same reasons, the line of demarcation cannot 
be due to staling of the medium, but rather, as the general appearanGe 
of the plates suggests, the secretion of some toxin, possibly volatile, by 
the mycelia. This toxin diffuses more slowly through the substratum, 
so that the mycelium submerged in the medium is not affected so soon 
as that on the surface. The nature of the toxin is not known ; it shows 
no reaction to litmus. 

The phenomenon of aversion between any two antagonistic stiains 
has occurred on all the media so far used, irrespective of the depth of 
the medium, the distance at which the inocula are placed, or the age of 
the cultures when tested. A number of mono-spore cultures have been 
grown in pure culture for more than two years and subcultured when 
necessary, on various media, without showing any signs of loss of toxicity. 

D. pernioiosa grows and sporulates well on prune-juice and plum- 
decoction-agar with or without the addition of crushed oats ; on crushed- 
oats-agar alone, or with the addition of cane sugar or 1 glycerine; 
also on sterilised plum twigs. After preliminary tests on all the above 
media had shown that aversion can occur between any two given strains 
irrespective of the medium, the bulk of the tests have been made on 
crushed-oats-agar, a medium which has the advantage of being quickly 
and easily made. 

Unfortunately, on account of the small size of the fruiting bodies 
and other technical difiSculties, this fungus does not lend itself to critical 
cytological investigation ; but the perithecium arises from a very definite 
coiled multicellular archicarp, the cells of which are multinucleate(PLXX, 
figs. 7, 8). No male organ has been found and the archicarp becomes 
disorganised as the perithecium" develops. The early stages of the peri- 
thecium resemble those described in Poly stigma rubnm{2). 

After the disorganisation of the archicarp has set in, some of the 
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smaller hyphae in the interior of the young perithecium show a bi» 
nucleate condition, but it was not possible to determine whether this 
bi-nucleate condition had any special significance or whether it was 
only due to rapid cell division in young actively gi’owing mycelium ; 
neither could it be seen if these hyphae were given off from the multi- 
nucleate cells of the archicarp. No association of nuclei or pores in the 
cell walls have been observed in the cells of the archicarp. The forma- 
tion of ascogenous hyphae and the development of the ascus could not 
be followed. 

As the cytological investigation of this fungus proved to be so 
difiScult and unsatisfactory, the experin^ent was continued on different 
lines with the hope of being able to prove by other than cytological 
means, how and when this segregation or splitting up into physiological 
strains occurs, whether it is vegetative or promiscuous, or whether it 
occurs at some definite stage in the life-history of the organism. 

Behaviour of mono-spore myoelia from various sources. 

A total of 319 mono-pycnospore and mono-ascospore cultures have 
been under observation for some time, and as regards the occurrence of 
strains on the different hosts the results have shown that aversion may 
or may hot occur, as follows, between : 

1. Mono-ascospore ) ^ • i?i i. 

^ y mycelia from cwnerent species oi host. 

„ -pycnosporej / ^ 

2. Mono-ascospore I. t n pi ^ 

^ y mycelia from different varieties 01 host. 

„ -pycnosporej 

3. Mono-ascospore f mycelia from different perithecia] 

^ A ^ .T* yon the same 

„ -pycnosporei „ „ „ pycnidia j 

variety of host, but different trees. 

4. Mono-ascospore mycelia from different perithecia on the same 
host and the same stem. 

5. In all perithecia so far tested, no aversion has been observed 
between mono-ascospore mycelia from the same perithecium, with the 
exception of one mono-pycnospore strain 88i, which developed perithecia. 
This 8Si strain will be discussed more fully later (pp. 358, 359, 363). 

In the majority of cases, aversion occurs between mono-mycelia from 
different hosts whether of the same variety, different varieties, or differ- 
ent species, but mono-mycelia isolated from such widely different hosts 
as apricot and plum have been found to meet; on the other hand 
averting strains have been found in different perithecia on the same 
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host (Chart I, Groups VI, VII, VIII), thus showing that the type of 
strain is irrespective of the variety of host. It is quite possible that the 
occurrence of averting strains on the same host may be due to multiple 
infection from two or more different sources, and not to the splitting up 
into physiological strains in the liost plant. More than two strains have 
not yet been found to occur on the same host, when the spores have 
been taken direct from diseased tissues, but the results from the investi- 
gation of have clearly shown that a mono-pycnospore culture is 
capable of splitting up into a number of averting strains in the first 
ascospore generation. 

But it must be pointed ou| that although rnono-mycelia show aver- 
sion when grown on an artificial medium, it does not necessarily follow 
that this is the case when the parasite is growing on the host. The host 
may absorb the toxin as soon as it is formed, and the diseased condition 
may be one of poisoning. There is no mechanical blocking of the vessels 
by the fungas itself The mycelium is present chiefly in the medullary 
rays and cortical tissue. The vessels are frequently blocked by gummy 
deposits, but not in sufficient numbers to account for the sudden wilting 
of the whole part affected. 

The development of mono-spore myoelia on artificial media. 

This development can be divided into three distinct classes. 

Class 1. Mono-pycnospore cultures obtained from pycnidia contain- 
ing ''a'’ and ''b’' spores/ which appear to be incapable of forming 
perithecia. 

Class 2. Mono-ascospore cultures capable of forming a reduced 
pycnidium with '' a '' spores only, and numerous mature normal peri- 
thecia. 

Class 3, One mono-pycnospore culture SSi (mentioned above) ob- 
tained from a pycnidium containing a'’ and spores, which produced 
pycnidia with ''a” and ‘‘6*’ spores freely, as in Glass 1, but also, after 
many months, eventually produced mature perithecia with typical 
2-celled ascospores. Mono-mycelia obtained from these ascospores have 
in their turn produced the normal pycnidial stage with both kinds of 
pycnospores. These cultures have not been growing long enough to 
show whether they will eventually produce a second generation of 
perithecia. They may lose their capacity of forming perithecia and 
revert back to Class 1. 

These results are set out in tabular form in Table I. 
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Discussion of Table I. 

Glass 1. This class calls for no further comment, except that as a 
general rule mono-pycnospore mycelia from the same pycnidium show 
no, aversion inier se, although one definite case of aversion has occurred 
(Chart III, SS4 and S87). The investigation' of mono-pycnospores is 
not sufficiently complete to allow of any more definite statement. How- 
ever a number of mono-pycnospore cultures have been under observation 
for a considerable time, and have always remained the same whether 
sub-cultured from spores or pieces of mycelium. 

Class % In this class, which comprises mono-ascospore cultures 
SAi^ioi from different perithecia (Chart I, Groups I-XIII), in no 
case has aversion been found between mono-ascospore mycelia from 
the same perithecium. Moreover, the ascospore generations of 
the mono-ascospore averting strains jSJ. 2 and £^^.39 have been fairly 
extensively tested, and it was found that mono-ascospore strains of the 

generation show no mutual aversion se— whether from the same 

perithecium or from different perithecia— (Chart I, Groups IX-XIII) 
or to their respective parents; but the progeny of strain shows 
aversion towards that of strain /Sd. 39 (Chart I, Groups IX, X, XI to- 
wards Groups XII, XIII), and the progeny of each strain shows aversion 
towards the parent of the antagonistic strain. Thus, there is no splitting 
up into averting strains in the Fi of this class (PL XIX). 

Class 3. In this class, which comprises mono-ascospore cultures 
/Sd. 108-110 and 3 d.ii 5 ~>Sd.i 34 and mono-ascus cultures Sd[(iii)-/Sd.(ii5) (Chart 
II, Groups XIV, XY) there is a complete reversal of what occurs in 
Class 2. Groups XIV, XY are the #3 ascospore generation of the mono- 
pycnospore culture already mentioned, which proved capable of 
forming perithecia in the mono-mycelial condition. Not only is there 
splitting up into averting strains in the same perithecium (Chart II, 
Group XV), but the Fx mono-ascospore mycelia of this strain also 
shows aversion towards the parent culture (Chart II, S8i and Groups 
XIV, XV). 

It will be seen in Chart II that the majority of these mycelia in 
Groups XIV and XV show aversion inter se, but that a few meet; also 
some of the F3 mycelia meet one or other of the 10 stock mono-pycno- 
spore strains with which they have been tested. 

^ If the hypothesis is correct “ that like meets like and unlike shows 
aversion to unlike ’’ any two meeting strains must be the same. 
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Chart III shows the behaviour of the 10 mono-pycnospore test 
strains towards one another. 

Until *the of Classes 2 and 3 have been investigated no expla- 
nation can be offered to fit the above facts. There certainly appears 
to be some correlation between the capacity for complete development 
of the life cycle starting from a single pycnospore and the occurrence of 
aversion in the same perithecium in the Fi ascospore generation. 

It has not been possible to isolate the eight spoi-es from an individual 
ascus, to see if segregation occurs in one and the same ascus, but it 
must be noted that cultures (ns) jiw) mono-ascus 

cultures (i,e. whole asci) and they beh^bve in the same way as mono- 
ascospore (i.e.’ single ascospore) cultures towards other strains. If alt 
the spores of one ascus were not the same, it is conceivable that 
the degree of aversion would be reduced and the line of demarcation 
less pronounced. So far no marked difference has been observed, but as 
this point has not been critically investigated little stress can be laid 
upon it. 

The above results definitely prove that certain mono-spore strains 
are capable of completing all stages in the life-history of the organism 
and others not. In the case oi Diaporthe perniciosa, when dealing with 
the parasite on the host plant it has been noticed, in some instances, 
that when there is prolific pycnidial formation the development of a 
proportionate number of perithecia has mot occurred. 

These results also throw some light as to when and how the splitting 
up into physiological strains occurs in the life-history of this fungus, but 
the proof that certain strains can complete their life-history and others 
not, and that splitting up into averting strains can occur sometimes, but 
does not always, leads no further towards the elucidation of the funda- 
mental question as to the constitutional differences of the various strains. 

The strains in Class 2 differ from the one strain in Class 3 in 
that, in the latter class, the parent strain shows aversion to the majority 
of the mono-mycelia in its own ascospore generation, whereas in 
Class 2 the parent meets all mono-mycelia in its Fi. 

This peculiar form of antagonism is quite unlike all known cases of 
sex-heterothallism in fungi in general, such as in the Mueors(3-7), 
Ustilaginales(15, 16, 17), Coprini(19, 20), and in Aleurodiscus and other 
Hymenomycetes worked out by Kniep( 12-14, 16, 17). InFiaporthe it may 
only be a case of physiological strains and may have nothing to do with 
sex. The difficulty remains however, as suggested earlier, that antago- 
nistic strains may be able to meet in the host plant. Experiments are 
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being devised to see if by infecting the same branch with two antago- 
nistic strains an ascospore generation can be obtained different from 
that arising from infection with either strain alone. ■ 

Cases of sex-heterothallism have been recorded recently in the Asco- 
mycetes. Dodge (10) found in AscoholnB magnificus that peritheeia 
would not develop unless two mono-spore mycelia, properly chosen, 
were combined. This fungus develops male and female organs (archi- 
carp and antheridium), but so far he has not been able to show whether 
any one mycelium consists entirely of one sex, producing arehicarps 
only and another antheridia only. The mycelia intermix quite freely 
and numbers of sexual organs ap found scattered throughout the hyphal 
mass, and not only in the region where the mycelia meet. Edgei'ton (ll), 
working with mono-spore cultures of Glomerella^ repeatedly isolated 4- 
and — strains, which when tested together, formed a dense line of peri- 
thecia where the strains met; but he also found that mono-spore mycelia 
when plated alone were capable of producing a few peritheeia. 

Explanation OF Chaets. 

Chaet I. (Class 2, Table I, p. 360.) 

Groiip /. St7'airts 1-3. Strains 1 and 2 are mono-ascospore strains, 
and 3 is a whole ascus culture, from different peritheeia on the same 
host. It will be seen that strain 1 shows aversion to 2 and 3, but 2 and 
3 meet. All three cultures, although different, behave exactly the same 
towards all strains from other sources, except in Groups XII and XIII, 
when 2 and 3 behave in the same way towards the of 2. 

Group II, Strains 5-17, Mono-ascospore cultures obtained from 
several peritheeia which developed in pure culture from a mass culture 
of ascospores isolated from Coe's Golden Drop plum. The whole group 
is of the same type; the strains show aversion to all the other strains 
except the Fi of strain 19. Strain 19 is included in Group III which 
proved to be the same as Group II, although isolated from two very 
different varieties of plum. Thus, where strains of the same type occur 
on different varieties of host they behave in the same way towards other 
strains from different sources, and the type of strain is irrespective of 
the variety of the host. A similar case ivas found in the mono-pycno- 
spore cultures on such widely different hosts as apricot and Coe's Golden 
Drop plum. 

Group III. Strains 18-21. Mono-ascospore strains isolated from 
mixed peritheeia on bark of Prince of Wales plum. Strain 19 of this 
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! group shows aversion to all other strains except its own and Group II. 

All the other strains in this Group III. behave in the same way. 

Group IV, Mono-ascospore cultures from the same perithecium on 
^ a seedling plum New Orleans X Victoria. 

Group V, From the same host as Group IV, but on a different 
branch. These two groups, IV and V, show aversion to one another, 
although they occur on the same host. 

Groups FJ, F/J and VIII, Isolated from three different perithecia 
on the stem of a young standard tree of seedling plum from Victoria 
: selfed. One perithecium (Group VI) contains one type of strain and 

the other two groups are of another tj^e, and yet all three behave the 
same towards all the groups from other sources. 

I Groups IX, X, XI are all of strain 19 from three separate peri- 

i thecia. They all behave alike, and show aversion to strain 2 and the Fi 

of strain 2, and no aversion inter se or to their own parent. 

I Groups XII, XIII, Fi of strain 2 from two separate perithecia. 

I They also show aversion to 19 and the Fj of 19, but no aversion inter se 

or to their own parent. 

Chart IL (Class 3, Table I, p. 360.) 

Group XIV, Mono-usoospore strains 108-110, 116-133, and mono- 
id ascus strains (111)-(115) all isolated from mixed perithecia which 
! developed in culture 78/81 (i.e. the ^*1 of jS/S^i). 

: All the above cultures (108-133) show aversion towards the parent 

strain /Sf/Sj. On the i^^i Strainsafew meet, but the majority show aversion 
, inter se, and most of them show aversion towards the ten mono-pycno- 

? spore cultures with which they were tested. 

Group XV, Mono-dscospore strains 134-197 are all from the same 
perithecium in culture 78 /Si. It will be seen that a few 

meet, but the majority show dversion inter se. The combinations were 
made somewhat at random, but in sufficient numbers to give some 
indication of the behaviour of the jPi strains towards one another. 

Chart III. (Class 1 , Table I, p. 360). 

Shows the behaviour of the ten stock cultures used 

in Chart II, including SSi, It will be^noticed that there is one case of 
aversion in the same pycnidium, namely / 8 / 84 , which shows aversion 
towards/S/S^. 
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Discussion on heterothallism and sex in the FungL 

During recent years a considerable amount of work has been published 
dealing with heterothallism and sex in fungi. The work of Blakeslee 
(3-7) on the lower fungi is so well known that it need not be very 
fully discussed here, but it is interesting to note that in the lower fungi, 
as also in the Ustilaginales (15)— a lower group of the Basidioihycetes 
belonging to the higher fungi — sex is of a simple character, whereas in 
the Hymenomycetes — a group of the higher Basidiomycetes— it is of a 
complex nature. , 

Blakeslee could divide his Mucors into homo- and heterothallic 
forms; if heterothallic, the myqelia were either +, or — , or neutral, the 
latter being a combination of both + and — . If + and — strains are 
grown together the mycelia will fuse, two cells conjugate to form each 
zygospore, and a line of zygospores develops where the colonies meet. 
No zygospores will form if both colonies are of the same sex. The neutral 
strains will not combine with either -h or 

In the homothallic forms zygospores will develop on the same 
mycelium. 

In the Ustilaginales or smuts two forms of spores are known, the 
intercalary chlamydospores and the sporidia or basidiospores. The sporidia 
conjugate in pairs, one nucleus passes over from one spore to the other, 
but the nuclei do not fuse. Germination then takes place, giving rise 
to a mycelium in the diplo-phaee, with two nuclei in each cell This 
condition persists until the development of the mature chlamydospore. 
The immature chlamydospore also contains two nuclei; these nuclei 
eventually fuse, so that the mature chlamydospore is mono-nucleate but 
diploid. The diploid chlamydospore germinates to form a structure 
called the promycelium (or basidium); the zygote nucleus of the de- 
veloping promycelium divides twice, the first division being the reduction 
division, the second the homo-type division. One of the four daughter 
nuclei passes in each of the four sporidia given off from the promycelium. 
Kniep (15) working on a number of different forms of smuts has been 
able to show that in some forms, segregation into two sexes takes place 
at the reduction division. He does not appear to have isolated the four 
sporidia from a single promycelium, but the ^gregate of a large number 
of isolations of single sporidia showed that only two sexes occurred and 
that in some cases, but not in all, the sexes were approximately equal 
in number. ; No neutral sporidia were found. 

Sporidia are capable of budding andi forming colonies when grown in 
pure culture on an artificial medium, somewhat after the manner of a 
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yeast, and all the secondary sporidia jfrom a single sporidium proved to 
be of the same sex and would not conjugate, showing that segregation 
must have occurred before the development of the sporidia. 

In the Hymenomycetes however sex is complicated by the fact that 
more than two types of sex can occur in one and the same fruiting body. 
In 1918 Mile Ben8aude(l), working on Coprinus' fimentarius, was the 
first to show that heterothallism occurs in the Hymenomycetes, and 
the following year Kniep found heterothallism in Schizophyllum com- 
and a number of other Hymenomycetes. 

In the heterothallic forms the mycelia fuse at an early stage ; there 
is interchange of nuclei, giving rise to^ the diplo-phase with two nuclei 
(the dicaryons) in each cell. As in the Ustilaginales these nuclei do not 
fuse. Later clamp connections form on the young mycelium, short 
hooked processes which bend over so that their tips fuse with the 
hyphae from which they originate. Kniep(14) investigated the be- 
haviour of these dicaryons in the region of the clamp connection. He 
observed that the nucleus nearest the apex of the hypha wanders into 
the clamp connection, the two nuclei divide conjugately and one half of 
each nucleus passes into the apical portion of the hyphae, to form the 
dicaryons of the newly formed cell. Thus the dicaryons which eventually 
pass into the young basidium are only distantly related to one another. 
In the basidium the dicaryons fuse, and the zygote nucleus then under- 
goes two divisions, as in the promycelfrim of the Ustilaginales. 

Mile Bensaudes criteria of sex in the Hymenomycetes are, the 
formation of clamp conneGtions,Uhe presence of dicaryons, conjugate 
division, and the formation of fruiting bodies, Kniep working inde- 
pendently observed clamp connections, dicaryons, and conjugate division 
in a number of other Hymenomycetes (12-14, 16, 17) but he also 
found that mono-sporous mycelia of heterothallic forms (12) were some- 
times capable of producing mature fruiting bodies in the haploid con- 
dition without the intervention of any other strain. In such cases no 
clamp connections were produced, the cells were mono-nucleate and the 
spores were all of the same sex. 

In homothallic forms clamp connections and dicaryons are always 
present, the outward and visible signs that the mycelium is in the 
diplo-phase. 

Irene Mounce(19, 20) working on heterothallism in a number of 
species of the genus Copriniis came tOo the same conclusions as Kniep, 
namely, that heterothallism is common in the Hymenomycetes and^that 
sex in this group is of a complex character, there being more than two 
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types; Her tables of combinations of different mono-sporous mycelia 
agree very closely with those published by Kniep. These conclusions 
were arrived at from the results of a number of mono-sporoue mycelia 
from the same and from different fruiting bodies. It was not/how- 
ever, until Kniep (17) was fortunate enough to find a Hymenomycete 
{Aleurodiscus polygonius) from which he could isolate the four basidio- 
spores from a single basidium, that the nature of this complex form of 
sex could be determined. In Aleurodiscus, under cool conditions, each 
individual basidium sheds its four spores at the same time and the 
different basidia sporulate in succession, so that without much difficulty 
the four spores of a basidium can be isolated with certainty. In this 
fungus Kniep found that segregation into sexes took place at the first 
nuclear division of the diploid nucleus of the basidium. The diploid 
nucleus of the basidium divides twice, the first division being the re- 
duction division, the second the homo-type division, giving rise to four 
nuclei. The basidium then forms four basidiospores, and one haploid 
nucleus passes into each spore. These four basidiospores germinate and 
form mycelia, two of which are of one sex and two of the other. He 
tested a large number of “ Vierer-gruppen/' or groups of four, from 
individual basidia, and invariably found that two and only two types 
of sex occurred in spores from the same basidium, and that the sexes 

TABELLE P. 



1 

2 

3 

4 

1 


- 

■ + 

+ 

2 

- 

- 


+ 

3 

+ 

+ 

- 

1 

4 

+ 


- 

- 


One “ Vierer-gruppe.” 


segregated out in equal numbers (17) Tabelle I, p. 11. He then com- 
bined the four mycelia from one basidium with 

(i) Mycelia from other basidia on the same fruiting body. 

1 In this, and the following Tables, th^ signs do not denote sex. The + sign indicates 
that fusion has taken place between haploid mycelia of dif erent sexes, and the - sign 
indicates no fusion. ; * 
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(ii) Mycelia from different fvmtmg bodies from the same spot and 
from different localities, 
to see if the “Vierer-gruppem’ were identical. 

The results could be grouped under three headings. 

A. From the fruiting body. 

(1) Fusion in pairs, in which case the four-groups are identical. 
Tabelle I. 

\ '(2) No fusion at all. 

I B. From fruiting bodies. 

(3) Fusion of all mycelia however Combined, or the reverse. 

! He then combined the ''four-groups” from different basidia with 

10 known strains from the same fruiting body, with the results shown 
in his table below. 

TABELLE II (17, p. 11). 
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- 
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- 
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+ 
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5c 

+ 

- 

+ 
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4“ 
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- ' 
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5d 
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+ 
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- 
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- ; 
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- 
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- 

- 

- 
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- 

' ,4 . 
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lOc 

+ 

- 

+ 

; + ■■! 


'+/ 


- , 



lOd 

+ 

- 

Hh 



: + 

- 

- 


- 


Three“ Vierer-gruppen ” (i.e. 3, 5 and 10) combined with 10 known 
strains from the «amc fruiting body. 

tv . It can be seen at a glance that there are four distinct types of sex, 

and Kniep so far has always found four, and never more than four, types 
in the same fruiting body in AleurodiBOfis polygonius. 

Assuming that all the zygote nuclei in the basidia of the same 
fruiting body are identical, offers the following explanation-^^^^^^^^^^^^^ 

■ Journ.of 'Hen. xni: 
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Since four different haplonts occur, then the basidia in the diploid 
phase cannot be homozygous, and sex must depend upon two pairs of 
factors, Aa and Bh. The zygote in the basidium will therefore be AaBh, 
and the four possible gametes or haplonts AB, ah, Ah, aB, Out of 
16 possible combinations, there are only nine genotypically different 
diplonts, four of which are homozygous in both factors, four homozygous 
in one factor, giving two different haplonts, and one heterozygous in 
both factors, giving the four different haplonts from which we started. 
As four different forms of sex mycelia are obtained from one fruiting 
body, only those combinations can occur in which the resulting zygote 
is heterzygous in both factors (selective fertilisation). The genes in one 
basidium segregate out to form spores of the constitution AB and ah 
(Tabelle III) and in another basidium Ah, aB (Tabelle IV). Kniep 
found that these two types of basidia occurred in approximately equal 
numbers. Each of these types should be capable of fusion of mycelia 
inter se, but not with the other type, for the haplonts of these basidia 
cannot form diplonts heterozygous in both factors, and therefore, as 
Kniep’s results showed, no fusion can occur between them. 

TABELLE III. TABELLE IV. 



1 

2 

3 

4 

AB 

AB 

ah 

ah 

1 

AB 


W^< ' 



, , 

2 

AB 


+ 

+ 

3 

ah 

+ 1 + 

i 

1 

- 

4 

\ 

ah 

+ I + 

1 



1 

2 

3 

4 

Ah 

Ah 

aB 

aB 





+ 

+ 

2 

Ah 

' 

- 
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Basidium L Basidium IL 

Difierent basidia from the same fruiting body. 

To explain the fusion of all myj^lia from different fruiting bodies 
(B 3, p. 367), Kniep suggests rhultiple i^lelomorphism, but he points out 
that he has no definite proof of this Aleurodiscus, as, so far, he has 
not^been able to obtain the hfybrid, fruiting body sporophyte) 
from combinations of haplonts ftb^'IH^fferent fruiting bodies. His 
experiments with S(^yzophyllum' however, have 
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led him to adopt this explanation. In this fungus he raised a number 
of hybrid sporophytes and from these he isolated mono-spore mycelia 
(i?"i-gametophytes) and found (in some cases but not in all) four types 
of sex in the haploid Fj-generation. 

In conclusion I wish to express my tha^iks to Prof. H. Kniep for his 
courtesy in allowing me to reproduce some of his Tables. 




EXPLANATION OF PLATES. 

PLATE XIX. 


Mono-ascos'pore cultureB included in Glass 2. (Table I, p. 360.) 

Fig. 1. Culture SAiq combined with, itself. (Parent strain.) No aversion. 

Fig. 2. Culture combined with SA^. Aversion. ^ 

Fig. 3. Culture SA^ combined with itself. (Parent strain.) No aversion. 

Fig. 4, Culture SA^ cbmbined with two colonies of its Fi. No aversion. 

Fig. 5. Fi of BA^ (col. 1) combined with two colonies of the JPi of SAig (colonies 2 and 3). 
Aversion, - 

Fig. 6. Two colonies of the Fi of SA^ (eols. 1 and 2) combined with one colony of Fi of 
SAig. Aversion. 

Fig. 7. Culture BAig (col. 1) combined with two colonies of its own Fi (cols. 2 and 3), No 
aversion. 

Fig. 8. Culture (col. 1) combined with one colony of its own Fi (col. 2) and one 
colony of the Fi of SA^ (col. 3). Aversion. 

Fig. 9. Culture BAig (col. 1) combined with one colony 6f its own Fi (col, 2) and one 
. colony of the Fi of BAs (col. 3). Aversion. 

PLATE XX. 

Mono-asco^ore cultures included in Class 3. (Table I, p. 360). 

Fig. 1. Two Fi mono-ascospore mycelia of BBi (cols. 2 and 3) combined with stock mono- 
pycnospore BBig (see Charts II and III). iS^io meets col. 3 but shows aversimi to 
col. 2. 

Fig. 2. Three Fi mono-ascospore mycelia Ools.^ 2 and 3^arje from the same 

' ,po|. 

Fig. 3. Three Fi mono-ascospore myckia of BSt from the same perxthecium. General 
aversion. 

Fig. 4. Two Fi mono-ascospore mycelia of BBi (eols. 2 and 3) combined with the parent 
mono-pycnospore culture (col. 1), General aversion. 

Fig. 6. Eight mono-ascospore mycelia of BBi | from the same peritheeium. General 

Fig. 6. Six mono-ascospore mycelia of BBi f aversion. 

Figs. 7 and 8. Two consecutive sections through a young peritheeium in BBi on oat- 
agar, showing archicarp. 

Fig. 9. Section through line of demarcation between two averting strains on oat-agar. 

(а) aerial mycelium. 

(б) submerged mycelium. ^ ^ 

(c) crack in the agar. 

The micro-photographs on Plate II were*taken by Mr Osterstock, and the rest of the 

photographs by A. F, Emarton, laboratory assistant in this Institution. 

24—2 
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Introduction. 

From various observations on mammals, the impregnation of several 
eggs of one female by two or more males during the same rutting time 
(superfecundatio) seems to be unquestionable. The question arises 
whether the foetuses derived from different sires have any influence on 
each other, or whether they are mutually independent, when simul- 
taneously developing in one female. 

This question, being rather a problem of physiology than of genetics, 
cannot be a priori solved by means of the genetic independence ascribed 
to each foetus. (Of. general discussion.) Certain chance observations 
made in this direction by husbandmen, as well as analogical descriptions 
by zoologists as v. Rath (’95- 98), Tornier ('96 and ’98), and others, are 
not based on adequate comparative materials, nor on exact study of the 
characters discussed. These observations speak, it is true, in favour of 
the supposition that the heterogeneoiJs foetuses develop totally inde- 
pendently from each other, but being based on genetically iinanalysed 
materials they cannot be considered as convincing. The same reservation 
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must be made with regard to the ingenious experiments of Heape ('90 
and '98) who grafted fertilized eggs from a doe belonging to one breed 
into the uterus of a female of another strain, and arrived ut results 
pointing to totally independent develop'^hent of the various foetuses. 

Material AND Methods. 

have been performed on Himalayan rabbits bred in 
my laboratory for the last four years, and thoroughly examined b^egard 
to pureness of their breed, as well as to variability of various characters. 
The does used in the experiments were first of all mated with one and 
the same Himalayan buck, in order to establish the hue and the weight 
of pure bred Himalayan offspring from these females. After some litters 
of Himalayan rabbits haffbeen obtained, the females were mated with 
one and the same Silver buck derived from the author's own well 
examined pure Silver breed. Not until the uniform type of the resulting' 
hybrids had been ascertained were the Himalayan does used for the 
experiment proper, i.e. they were mated with the formerly used Himalayan 
sire and with the Silver male simultaneously during one rutting-period. 
Of the 24 double matings only 3 produced offspring by two sires. The 
females which were fecundated by two different sires were mated in the 
following way : 

1. Female No, 8 was mated by a Himalayan and by a Silver sire, 
one immediately after the other, ut 5.44 in the morning; by a Himalayan 
sire at 2.20 p.m. and by a Silver buck at 2.55 p.m. 

2. Female No. 11 was mated by a Silver and by a Himalayan male, 
one immediately after the other, at 11.25 a,m., as well as at 11.50 a.m. 

3. Female No. 25 was mated like female No. 11 at 11.45 ^.m. and 
at 6.35 p.m. 

In the remaining 21 experiments (which failed) the does mated by 
two different sires produced offspring derived exclusively from one of 
the two males. The origin of the new-born rabbits could undoubtedly 
be ascertained by their totally different hue. 

The weight of the rabbits was determined by weighing the new- 
borns before their first suckling, which does not as a rule take place here 
at once after birth. Fragments of grams were considered as full grams. 
The specimens which had suckled could easily be distinguished by their 
abdomina filled with milk and they were excluded from the comparative 
study of weight of nevr-born rabbits. (Of. analogous observations made 
by King, 15, on albino rats.) 
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The weights of separate new-borns are recorded in Table I. The 
average weights of all new-borns of each material studied are given 

in Table II. The standard de’^ation (<r) was calculated from the special 

/ 1 

formula for scanty material, cr— ^ being the dilference 

between the weights of separate variates a^d the average, jp the number 
of the variates, and n the total number of the specimens under exami- 
natio^^:^ Since the author united data referring to the progeny from all 
females belonging to one material,, it ought to be einphasized that the 

TABLE^I. 
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A B C D T F G H 
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' ■ ■ ■ ' : 

TABLE II. 

Average Weights of the New-homs in Grams. 

Bata referring to the offspring of eaT^i Bata referring to the offspring of all 

female of the material examined' • females of the material examined 


Materials 

Number 
correspond- 
ing to each 
female 

Average 

litter-size 

^ Average 
weight 

Number 

of 

specimens 

Average 

litter-size 

Average weight 
with the corre- 
sponding probable 
error 

<r 

Number 

of 

specimens 

Offspring of Hima- 
?an $ X Himalayan ^ 

1 . 8' 

. 11 
i 25 

5*5 

5-0 

4*8 

31*95 

31*70 

36*83 

22 

10 

24 

5*0 

34*00 ±0*43 ^ 

4*74 

56 

Offspring of Hima- 
^an$x Silver^ 

h ■ 8 

H 11 

25 

4*4 

4*5 

4*0 

41*27 

36-67 

43*08 

22 

9 

12 

4*3 

5*7 

40*81 ± 0*46 

4*44 

43 

Himalayan offspring] 
Himalayan $ mated | 
th Himalayan and 
[ver simultaneously J 

1 " 8 . 

- 11 

25 

6*0 

6*0 

5*<^ 

34*25 

36*00 

39*33 

4 

3 

3 • 

36*30±0*81 

3*80 

10 

Hybrids produced by ^ 
malayan $ mated with 
malayan (^ and Silver 
simultaneously J 

8 

- 11 

25 

6-0 

6*0 

5*0 

46*50 

41*66 

50*50 

2 

3 

2 

S' "' . ■' 

I- '■ 

45*57±1T8 

4*61 

7 

Offspring of specimens j 
tm material A j 

Ba 

■ 36 

3*0 

3*0 

43*50 

43*33 

*6 

6 


43 *41 ±0*40 

2*07 

12 

Offspring of specimens j 
»m material C j 

■ 85 

3*0 

42*22 

18 

s 

3*a 

42*22 ±0*82 

5*15 

18 

Offspring of specimens 1 
im material B j 

, 69 

^ 51 

1 89 

5*0 

6*0 

4*8 

41*49 

42*00 

46*33 

35 

30 

24 


42 *97 ±0*59 

8*32 

89 

Off spring of specimens 
>m material D 

1 86 
i 87 

5-5 

5*5 

44*50 

43*82 

22 

22 

5*5 

44*16 ±1*01 

9*94 

44 


Himalayan does were sisters of tfie same age. All females were identi- 
cally fed during the periods of gestation as well as beyond these periods, 
all other conditions, viz. light, humidity, temperature, being the same 
for each female. As the weight of separate specimens of a lot in rabbits 
is in inverse proportion to their number, it must be noticed that in 
materials A — I) and G — H only such litters were taken into considera- 
tion as contained the most frequent numbers of new-borns, i.e. from 
4 to 6 specimens. (Of. Hammond, '21 and Kopec, '23.) Materials E 
and F of Himalayan rabbits consisted exclusively of litters containing 
only 3 specimens. Consequently the weights of separate new-borns and 
their averages are larger here than in the remaining cases, and ought 
not to be directly compared therewith. 

Desceiption of the Offspeing. 

As has been stated above, the origin of the new-borns could be 
ascertained by the colour of their skin. In one of the successful experi- 
ments (female No, 8), 4 Himalayan rabbits and 2 hybrids were obtained, 
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in the second (female No. 11), 3 Himalayans and 3 hybrids, in the third 
(female No. 25), 3 Himalayans and 2 hybrids. 

The Golo'ur. 

Litters derived from heterogeneous impregnation consisted of rabbits 
having the typical Himalayan pattern a|d of specimens whose^ uniform 
colour did in no way differ from the characteristic colour of Himalayan 
hybrids. (Of. photo, in text.) Not only the colour of skin, pink 


Full-grown offspring from Himalayan doe No. 11 mated with a Himalayan and a 
Silver buck during one rutting time. On the right three pure Himalayans by the 
Himalayan sire, on the left three hybrids characteristic of Fj of the cross between 
Himalayan doe and Silver buck. . » , ^ ‘ 

in ™ hybrids, and the final 

hue of full-grown rabbits, but even the mode of its development and the 
rate of these processes were the same in specimens derived from normal 
matings and in those from heterogeneous fecundation. The same must 
be said as to the colour of the eyes. The above macroscopical statement 
was also ascertained by exact histological research. Nor did the first 
filial generation of such rabbits from double mating give evidence of 
any changes of their respective pattern. 


yjith Two Sires 




The WeightK 

On comparing the weight of pure Himalayan new-boms with the 
ana ogous weights of normal hybrids from Himalayan does by a Silver 

? ’ “*'* %Wds i. larger lhan that of normal 

Himalayan specmene. (0£ Ta|(lea, materials ^ tnd S.) The different 
between the respective weights calculated from the Lta of Table II 
amounts to -81 ± 0-63 g, and, being 10-8 times larger than Z pr^e 
It ought to be considered as essential From the compflT f 

of I average weighto 

atdSnt heterogeneous impregnation (materials 0 

than that of Himalayan n^-boms. The difference being 6-5 timL 
arger than the probable error, the weight of hybrids from heferogeneous 
fecundation is also essentially larger than that of the Himalayans We 
may therefore infer that when an essential difference does exisTbetwel 
two breeds, It may also manifest itself when these two breeds of rabbits 
are developing simultaneously. 

In spite of the maintenance of these differences of weight the hetero 
geneoim sho, cmtain change, which prcce th!uh. p* 

“ I”*'''' »n the weight of hybrid, 

and »<» ,ersa , that the deteicpment of the two claeses of f Jta, 
in cases of successful double mating is not entirely independent in Ifar 

r- n in hlgheciSwagllf n 

From Table II we see that the average Lght of the nofmal HimS 
froI fr°'l T ^ 11-31 70, 

bomsfr'^m^d gs- The average weight of Himalayan new- 

borns from double mating from the same females was always higher viz 
It amounted to 34-25, 36-00 and 39-33 gs respectively. 

ita ofTSl Himalayan materials calculated from the 

rX 2 ftim/s r I ± difference 

IS only 2 5 times larger than -its probable error and it may therefore not 

formerly p° ^ described m the 

Vol. 2, 1922), viz. 1 , the nuLer ^f-Pohmau d’Ecotwmie JRuraU a Putawy, 

certain materials ; 2, the offspring of femfll”*w exammed is considerably greater in 
were soon used for other expeiLits OS'! ff excluded, as these’does 

biometrical orastantsconeemLg the »PPe>^amiag 

® ® new-borns were, partly at least, changed. 
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is; 

be coiisidered as In respect to the above it . ought to be 

emphasized that the number of new-borns in one litter of common 
Himalayan matings was 5*0, while litters from heterogeneous fecundation 
contained on the average 5^ or nearly 6*0 specimens. As was stated 
above, the weight of the new-born rabbits is in inverse relation to the 
number of specimens in one litter. It follows that in our calculations 
the weight of the Himalayan new-born§ from double mating" is too low 
in comparison with the examined normal Himalayan specimen^. After 
ha^ii^ equalized thenumber of new-borns in one litter in both materials 
we should obtain a difference between the weight of Himalayan offspring 
of normal and of double matings which would undoubtedly be consider- 
ably larger than that above recorde|J. 

The increased weight of the new-borns derived from double fecunda- 
tion in comparison with those from norm#l mating becomes still more 
evident if we compare the w'eight of new-born hybrids. As«may be 
inferred from our Tables of data (material B) the weight of normal 
hybrids oscillates in the limits from 32 to 49 gs, while that of the new- 
borns from heterogeneous ^cundation amounted to from 39 to 51 gs 
(material jD). The difference of the averages was here 4*76 ± 1*27 gs, 
and being 3*7 times larger than its probable error it ought to be stated 
that the weight of new-born hybrids from double matings is essentially 
larger than that of normal litters. 

The weight of the new-born rabbits does not undergo any essential 
changes depending on the age of the females, at least during the first 
two years of their life during which these females have been examined. 
(Kopec, '23.) It may consequently be ascertained that the presence in 
one female of heterogeneous foetuses deriving from double mating may 
have an essential positive influence on the weight of the new-borns of 
both breeds. The material being here rather scanty, it ought to be 
noticed that the above recorded differences of the average weights of the 
two kinds of new-borns have been ascertained in all the three females 
mated with two different sires simultaneously. This concordance points 
to a general validity of the results obtained here. 

On examining the offspring of the enlarged specimens from double 
mating it is found that the weight of the first filial generation is normal. 
(Of. Tables, materials E and F, as well as G and H.) The difference of 
weight of the offspring of normal Himalayan new-boms and of those 
from heterogeneous fecundation calculated from the data of Table II is 
1*19 ±^0*91gs. The corresponding difference of the offspring in hybrids of 
the two kinds is — 1*19 + l*17gs. The differences being here (Mce positive 
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and once iiegative, and approximatively eqiial with their probable error 
we need not con^sider further the positive influence on the weight of new- 
borns of simultaneously developing foetuses by two sires in the first 
generation. 

General Discussion. 

By the above described experiments it has been for the first time 
methodically proved that the two breeds of new-borns deriving from 
successful double mating of rabbit-does by two different bucks ip^be 
totally independent in regard to their respective hue. 

From my observations it follows moreover that the difference of 
weight of the rabbits of the two breeds persists in spite of their simul- 
taneous development in one female, l^his result is in agreement with 
the present views on the her^ity of body weight. But, notwithstanding 
the maintenance of such differences in our experiments, foetuses of one 
father affect in a favourable manner' the weight of those of the other, 
when simultaneously developing in one mother. Consequently, the 
foetuses of the two origins do not develop in total independence from each 
other in respect to their weight. The question arises as to the cause of 
the essential positive change of body- weight, i.e. of a genetically deter- 
mined character. 

In order to solve this problem we must take into consideration the 
mutual interchange of substances, which, according to present views, 
exists between mother and foetus^ viz. not only various food-stuffs or 
salts, alkaloids, narcotics, organic acids, which were artificially introduced 
into the body, but even such compound bodies as antitoxins and most 
probably also such specific substances having the characters of hormones, 
as iodothyrine, passing through the placenta from the mother to the 
embryo. On the other hand, numerous observations are known to us 
which point to the fact that various substances pass from the embryo to 
the mother. The well-known albumen reaction of Abderhalden, which 
points to the presence of foreign substances in the blood of pregnant 
females, seems not as yet to be sufficiently confirmed, but experiments 
on injections of extracts from foetuses, or from the foetal parts of the 
placenta, into females, show that substances are produced by the foetus 
or by the foetal part of the placenta, which pass into the blood of the ' 
mother and cause the secretion of milk, aches, blood-coagulation, changes 
of blood-pressure, etc. It ought also to be noticed that parts of the 
villi of the foetal placenta forming ingrowths into the blood-vessels of 

Acto detailed references, cf^ Biedl (’16), Wolff (’13) and Zuntz (08). 



